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ABSTRACT

Boyd, Abigail Grace, M.S., University of South Alabama, August 2022. Role of Type 4
Phosphodiesterases in Thermoregulation and Salivation in Mice. Chair of Committee:
Wito Richter, Ph.D.
Type 4 cAMP phosphodiesterases (PDE4s) comprise a family of four isoenzymes,
PDE4A to D, that hydrolyze and inactivate the second messenger cAMP. Non/PANselective PDE4 inhibitors, which inhibit all four subtypes simultaneously, produce many
promising therapeutic benefits, such as anti-inflammatory or cognition- and memoryenhancing effects. However, unwanted side effects, principally, nausea, diarrhea, and
emesis, have long hampered their clinical and commercial success. Targeting individual
PDE4 subtypes has been proposed for developing drugs with an improved safety profile,
but which PDE4 subtype(s) is/are actually responsible for nausea and emesis remains illdefined. In mice treated with PAN-selective inhibitors, there is substantial impairment of
autonomic nervous system functions, including gastroparesis (retention of food in the
stomach), and hypothermia, both of which are associated with nausea and emesis in
humans. Selective inactivation of any of the four PDE4 subtypes does not induce
gastroparesis in the mice, nor does it change their body temperature, suggesting that these
adverse effects are not mediated by a single subtype, but require concurrent inhibition of
multiple (at least two) PDE4 subtypes. As mice are anatomically incapable of vomiting,
we have identified these effects as novel correlates of nausea in these animals.

x

Importantly, these studies suggest that subtype-selective inactivation of individual
subtypes may be free of certain adverse effects and thus have an improved safety profile
relative to PAN-selective inhibition.

xi

CHAPTER I
INTRODUCTION TO CAMP SIGNALING AND PHOSPHODIESTERASES

1.1 Introduction
3',5'-Cyclic adenosine monophosphate (cAMP) is a ubiquitous second messenger
that regulates a plethora of physiologic paradigms ranging from the fight-or-flight
response to metabolism and mammalian reproduction, and from immune responses to
cognition and memory. cAMP is produced in response to a large number of extracellular
signals, including hormones, neurotransmitters and drugs, that act as agonists or
antagonists on G protein-coupled receptors (GPCRs), which in turn transduce their
activation via stimulatory (Gαs) or inhibitory (Gαi) heterotrimeric G-proteins to modulate
the rate of cAMP synthesis by adenylyl cyclases (Fig. 1). cAMP then initiates a cellular
response to the external stimuli via activation of several effector proteins including
protein kinase A (PKA), cyclic nucleotide-gated ion channels (CNG), the exchange
protein activated by cAMP (EPAC), and, more recently, Popeye domain-containing
proteins (POPDCs).1
The concentration of cAMP in the cell is not solely determined by the rate of its
production, but by the equilibrium between the rate of its production by adenylyl cyclases
and the rate of its degradation. The latter is catalyzed by cyclic nucleotide
phosphodiesterases (PDEs) (Fig. 1), a superfamily of isoenzymes that hydrolyze the

1

second messengers cAMP and cGMP. The mammalian PDEs are encoded by 21 genes,
which in turn are grouped into 11 PDE families by sequence homology2-4. Three PDE
families – PDE4, PDE7, and PDE8 – are comprised of enzymes that exclusively
hydrolyze cAMP. Three PDE families – PDE5, PDE6, and PDE9 – comprise enzymes
that selectively hydrolyze cGMP; the remaining PDE families can hydrolyze both cyclic
nucleotides. All PDEs share a conserved domain structure with a relatively conserved Cterminal catalytic domain that determines substrate specificity and inhibitor sensitivity,
and highly divergent N-terminal regulatory domains that mediate the regulation of PDE
activity and subcellular localization via a multitude of post-translational and allosteric
regulations5-11.

2

Figure 1. The cAMP Signaling Pathway.
Binding of a first messenger, such as a hormone or drug, to a Gs-protein coupled
receptor eventually activates cAMP synthesis catalyzed by adenylyl cyclases. cAMP
then exerts its downstream effects via activation of protein kinase A (PKA), exchange
protein activated by cAMP (EPAC) or cyclic nucleotide-gated channels (CNG). Cyclic
nucleotide phosphodiesterases (PDEs) hydrolyze and inactivate cAMP, thereby
playing a critical role in the spatial and temporal control of cAMP signals.
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The PDE4 family is the largest and arguably most widely expressed of all PDE families.
It comprises four genes that are each expressed as a number of distinct protein variants by
use of alternative promotors and transcription start sites, so that in total likely >25 distinct
PDE4 proteins are expressed in a cell- and tissue-specific manner2, 11-14. Given the
ubiquitous expression of PDE4s, it is not surprising that non-/PAN-selective inhibition of
PDE4s produces an array of potentially therapeutic effects including memory- and
cognition-enhancing, anti-inflammatory or anti-neoplastic effects11, 14-17. However, the
clinical and commercial success of PAN-PDE4 inhibitors has been somewhat muted
given a number of adverse effects, principally nausea, emesis, and diarrhea, that generate
a narrow therapeutic window18-19. The genetic ablation of individual PDE4 subtypes in
mice, or their knockdown in cell culture, has clearly demonstrated that each PDE4
subtype has unique and non-overlapping roles in the body. Thus, targeting individual
PDE4 subtypes or protein variants is a promising approach to separate the therapeutically
beneficial from the adverse effects of currently available PAN-PDE4 inhibitors 9,12,17,20-22
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Figure 2. The Superfamily of the Mammalian Phosphodiesterases.
Indicated are the domain structures, number of genes, and substrate specificity of the
eleven mammalian PDE families. Domains are represented by ‘barrels’ connected by
‘wires’ indicating linker regions. Phosphorylation sites are indicated by circles. The
catalytic domain is highly conserved among PDE subtypes, while the N-terminal
regulatory domains are subtype-specific. CaM, (Ca2+-calmodulin); GAF (cGMP-activated
PDEs, adenylyl cyclase, and Fh1A), UCR (upstream conserved regions); PAS (period,
aryl-hydrocarbon receptor nuclear translocator (ARNT), and single minded).

Towards this goal, I have spearheaded or contributed to multiple projects that utilized
mouse models to delineate the roles of PDE4s in multiple physiologic paradigms ranging
from the protective effect of PDE4 inactivation in settings of Pseudomonas aeruginosa
(PA) lung infection21, to the role of PDE4s in gastric motility19, body temperature
regulation23-24, salivation25, or the response to anesthesia26. During experiments to infect
mice with Pseudomonas aeruginosa, we noticed that mice pre-treated with PANselective PDE4 inhibitors were cold to the touch, suggesting an effect of PDE4 inhibition
on body temperature regulation, and also exhibited excessive salivation. We expanded
these observations, each physiologically significant in its own right, into separate projects
that I am reporting here.
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Targeting individual PDE4 subtypes has been proposed for developing drugs with an
improved safety profile, but which PDE4 subtype(s) is/are actually responsible for nausea
and emesis has remained ill-defined. Highly subtype-selective PDE4 inhibitors are not
currently available to test this question in humans. Genetic tools, such as the genetic
deletion of individual PDE4s, have been restricted to mice and rats, two species that are
anatomically unable to vomit. A further complication is the fact that nausea is the more
prevalent, and hence the more critical adverse effect of PDE4 inhibitor treatment in
humans, compared to emesis, and it is now well-established that nausea is driven by
neuronal and molecular pathways that are partly distinct and extend beyond the
mechanisms that drive the emetic reflex. Based on the observation that nausea is often
accompanied by hypothermia in humans and other mammals, I have led efforts to
establish PAN-PDE4 inhibitor-induced hypothermia as a novel correlate of drug/PDE4
inhibitor-induced nausea23. As detailed in Chapter II, we found that selective inactivation
of any of the four PDE4 subtypes did not change the body temperature of mice,
suggesting that PAN-PDE4 inhibitor-induced hypothermia (and hence nausea in humans)
requires the concurrent inhibition of multiple PDE4 subtypes. This suggests that the
selective inhibition of any individual PDE4 subtype may be free of nausea and emesis.
In Chapter III, I report on efforts to further explore the initial observation that treatment
with PAN-PDE4 inhibitors induces salivation in mice25. Of particular note is the
observation that PDE4 inhibitor-induced salivation is dependent upon cystic fibrosis
transmembrane conductance regulator (CFTR) activity, as the effect of PDE4 inhibition
of saliva secretion is completely ablated in mice carrying the inactivating ΔF508-CFTR
mutation. This observation confirms in an in vivo model that PDE4 exerts a critical role

6

in the regulation of CFTR activity, which has been reported previously in cell culture
systems27-28, and underlines the potential of inhibiting PDE4 as a therapeutic approach in
Cystic Fibrosis.
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CHAPTER II
ASSESSMENT OF PDE4 INHIBITOR-INDUCED HYPOTHERMIA AS A
CORRELATE OF NAUSEA IN MICE

2.1 Introduction
Type 4 cyclic nucleotide phosphodiesterases (PDE4s) comprise a group of four
isoenzymes, PDE4A to D, that hydrolyze and inactivate the second messenger cAMP.
PDE4s are widely expressed throughout mammalian cells and tissues29-33, and diverse
therapeutic benefits result from their non/PAN-selective inhibition. Preclinical studies of
PAN-PDE4 inhibitors have established their potent anti-inflammatory, memory- and
cognition-enhancing, anti-depressant and anti-psychotic, metabolic, and cardiovascular
properties 30, 34-40. However, the clinical application and commercial success of PDE4
inhibitors have been limited due to adverse effects, particularly nausea, diarrhea, and
emesis. These adverse effects are characteristic for PAN-PDE4 inhibitors, leaving only
two PDE4 inhibitors currently approved for systemic administration: Roflumilast, for
moderate to severe chronic obstructive pulmonary disease, and Apremilast, for the
treatment of psoriasis 30. However, nausea remains one of the most common side effects
of both Roflumilast and Apremilast (frequency of 28.7% and 8.9%, respectively; from 4142

).
A multitude of studies have now shown that the genetic knockdown or deletion of

individual PDE4 subtypes in cells and/or animals produces unique phenotypes, indicating
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that each PDE4 exerts unique and non-overlapping roles in the body11, 20- 21, 25, 30,

43-50

.

Thus, the development of subtype-selective PDE4 inhibitors has been proposed to avert
the adverse effects of currently available PAN-PDE4 inhibitors 29, 51. While individual
PDE4 subtypes have already been identified as therapeutic targets for a variety of
inflammatory, cardiovascular, neuronal or metabolic conditions 14, 18, 30, 34-36, 50, 52-58 , the
PDE4 subtype(s) that mediate the adverse effects of PAN-PDE4 inhibitors remain illdefined. The main obstacle to their identification is that highly subtype-selective PDE4
inhibitors are not yet available to test and address this question in humans. In addition,
the tools that are available, such as the genetic deletion or knockdown of PDE4 subtypes,
have been restricted to mice and rats; two species that are anatomically unable to vomit,
which is the prevailing preclinical correlate of nausea. Further complicating this analysis
is the fact the nausea is by far the more prevalent, and hence the more critical, adverse
effect of PDE4 inhibitor treatment in humans, compared to emesis41-42. It is now wellestablished that nausea is driven by neuronal and molecular pathways that are partly
distinct and extend beyond the mechanisms that drive the emetic reflex 59-63. In addition,
since nausea is at its core a feeling or sensation (e.g., stomach awareness), it is difficult to
assess in any animal, including in species that are able to vomit. Thus, while dogs or
ferrets are obvious choices to study emesis (compared to mice and rats), rodents may yet
prove equally useful in assessing nausea, given a proper correlate.
We have shown recently that PDE4s play a critical role in the autonomic
regulation of body temperature in mice and that treatment with PAN-PDE4 inhibitors
induces a fast-onset (within 10 min), substantial (up to −5 °C) and long-lasting (up to 5 h)
hypothermia in the animals24. Intriguingly, an increasing body of research closely
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correlates nausea with a significant disturbance in thermoregulation in mammals64-68. In
humans, nausea is frequently associated with signs of hypothermia, including cold
sweats, clammy hands, sometimes shivering and may include a modified perception of
ambient temperature and cold-seeking behavior (e.g., cold/fresh air), as well as a
reduction in core body temperature 59,65. Impaired thermoregulation parallels nausea
induced by a variety of triggers, including motion, poison, surgery/anesthesia (postoperative nausea and vomiting (PONV)), as well as drug/chemotherapy- or radiationtreatment in humans. Despite the variety of triggers for nausea, all are consistently
associated with hypothermia in various animal species, whether they possess the emetic
reflex (e.g., ferrets and shrews) or not (e.g., mice and rats), and can be similarly detected
by a reduction in the animals’ core body temperature, cutaneous vasodilation (e.g., tail
skin vasodilation), reduced thermogenesis and/or cold-seeking behaviors 64-66,68-70. Thus,
diverse mammalian species share neuronal mechanisms that link nausea to hypothermia,
thus providing a valuable correlate to study nausea. The relationship between nausea and
hypothermia appears reciprocal, in that nausea, such as upon induction of motion
sickness, predisposes to hypothermia71-72, while vice versa, forced (externally-induced)
hypothermia can trigger or predispose to nausea67.
Utilizing the close association between nausea and hypothermia, the present study
was designed to assess core body temperature in mice as a potential correlate of nausea
and emesis induced by PDE4 inhibitors in humans. We aimed to elucidate the role of
individual PDE4 subtypes in mediating these adverse effects and to begin exploring their
molecular mechanism(s). Finally, we contrast our findings on PDE4 inhibitor-induced
hypothermia with the effects of similar treatments and PDE4 subtype ablation on the
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duration of Ketamine/Xylazine-induced anesthesia73, a paradigm previously proposed as
a correlate of the adverse effects of PDE4 inhibitors in animals.

2.2 Materials and Methods

2.2.1 Drugs
RS25344 74 (1-(3-nitrophenyl)-3-(pyridin-4-ylmethyl)pyrido[2,3-d]pyrimidine2,4-dione) was obtained from Santa Cruz Biotech (Santa Cruz, CA, USA), Ondansetron
((RS)-1,2,3,9-Tetrahydro-9-methyl-3-(2-methylimidazol-1-ylmethyl)carbazol-4-one)
from Sigma-Aldrich (St. Louis, MO, USA) and YM97675 (4-(3-chlorophenyl)-1,7diethylpyrido[2,3-d]pyrimidin-2-one) from Tocris/Bio-Techne (Minneapolis, MN, USA).
Rolipram 76 (4-(3-cyclopentyloxy-4-methoxyphenyl)pyrrolidin-2-one), Piclamilast77,78
(RP73401; 3-(Cyclopentyloxy)-N-(3,5-dichloropyridin-4-yl)-4-methoxybenzamide),
Roflumilast 79-81 (3-(cyclopropylmethoxy)-N-(3,5-dichloropyridin-4-yl)-4(difluoromethoxy)benzamide), Clonidine (N-(2,6-dichlorophenyl)-4,5-dihydro-1Himidazol-2-amine), Yohimbine (methyl (1S,15R,18S,19R,20S)-18-hydroxy1,3,11,12,14,15,16,17,18,19,20,21-dodecahydroyohimban-19-carboxylate) and
Metoclopramide (4-amino-5-chloro-N-[2-(diethylamino)ethyl]-2-methoxybenzamide)
were from Cayman Chemical (Ann Arbor, MI). Metoclopramide was dissolved in 1%
methylcellulose in water and administered via oral gavage. Clonidine, Yohimbine,
Ondansetron and all PDE inhibitors were applied by intraperitoneal (i.p.) injection (100
µL per 20 g body weight). The drugs were initially dissolved in DMSO, and subsequently
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diluted into phosphate-buffered saline (PBS), pH 7.4, containing final concentrations of
5% DMSO and 5% Cremophor EL (Millipore Sigma, St. Louis, MO, USA).
2.2.2 Animals
All mice were maintained on a C57BL/6 background and in a temperaturecontrolled (22–23 °C) vivarium with a 12 h light/dark cycle. Animals were group-housed
up to four mice per cage and had ad libitum access to food and water. Adult mice ≥18 g
of body weight and ≥10 weeks of age were used for experimentation by evenly and
randomly dividing cage littermates into experimental groups. Wildtype C57BL/6 mice
were generated in-house using breeders obtained from Charles River Laboratories
(Wilmington, MA). Mice carrying genetic deletions of PDE4A45, PDE4B 9 or PDE4D6
were generated by Drs. S.-L. Catherine Jin and Marco Conti (Stanford University, CA;
11

), whereas PDE4C knockout mice (Pde4ctm1.1(KOMP)Wtsi/J) were generated by the National

Institutes of Health (NIH) Knockout Mouse Program. The animals were distributed via
the Mutant Mouse Resource and Research Centers (MMRRC, http://www.mmrrc.org)
and the KOMP repository (KOMP; www.komp.org) of the University of California at
Davis, respectively. Experimenters were blinded to the genotypes of the mice and the
identity of injected drugs until data acquisition and analyses were completed. All
experiments and procedures were approved by the University of South Alabama
Institutional Animal Care and Use Committee and were conducted in accordance with the
guidelines described in the Guide for the Care and Use of Laboratory Animals (National
Institutes of Health, Bethesda, MD, USA). For euthanasia, EUTHASOL® Euthanasia
Solution (Patterson Veterinary, Greeley, CO, USA) was injected i.p., followed by
cervical dislocation.
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2.2.3 Duration of Ketamine/Xylazine Anesthesia
The duration of Ketamine/Xylazine-induced anesthesia was measured as
described previously 73 with minor modifications. In short, mice were anesthetized with a
combination of Ketamine (80 mg/kg) and Xylazine (10 mg/kg) administered by
intraperitoneal (i.p.) injection. Upon loss of righting (2–3 min), the mice were then placed
in dorsal recumbency, and the time to first righting was measured (see Figure 3A,B).
Experiments were ended at 120 min after Ketamine/Xylazine injection and sleep duration
for animals that did not right themselves by that time was recorded as 120 min. To probe
the effect of drug treatment, the α2-adrenoceptor antagonist Yohimbine, the PAN-PDE4
inhibitors Rolipram or Piclamilast/RP73401 or Mock/solvent control were injected (i.p.)
into anesthetized mice at 10 min after Ketamine/Xylazine administration.
2.2.4 Measurement of Core Body Temperature
Core body temperature was measured as described24 using a thermocouple
thermometer (MicroTherma 2T) with mouse rectal probe (RET-3), both from Braintree
Scientific (Braintree, MA, USA), following the manufacturer’s instructions.
2.2.5 Data and Statistical Analysis
Statistical analyses were performed using the GraphPad Prism 9 software
(GraphPad Software Inc, San Diego, CA, USA). To compare two treatment groups, the
Mann–Whitney test with 95% confidence interval was applied. To determine differences
between more than two treatment groups, the Kruskal–Wallis test followed by Dunn’s
post hoc test was applied. Statistical differences are shown as # (not significant; p >
0.05), * (p < 0.05), ** (p < 0.01) and *** (p < 0.001). All data are expressed as the mean

13

± SEM and n numbers indicate the number of individual animals assessed and are
represented by individual dots in the scatter plots.

2.3 Results

2.3.1 Selective Ablation of PDE4D, but Not Ablation of PDE4A, PDE4B, or PDE4C
Mimics the Effect of PAN-PDE4 Inhibitors to Shorten the Duration of
Ketamine/Xylazine-Induced Anesthesia in Mice
Xylazine is thought to promote anesthesia via its agonism of α2-adrenoceptors
present at presynaptic sites. Activation of these Gi-coupled receptors leads to inhibition of
adenylyl cyclase activity and a decrease of intracellular cAMP levels, which in turn
impairs the release of various neurotransmitters and the resulting suppression of neuronal
signaling facilitates anesthesia 82. As shown previously, treatment with PAN-PDE4
inhibitors counteracts the hypnotic effects of Xylazine, reflected in a shorter duration of
Ketamine/Xylazine-induced anesthesia, in various animal species73, 82-86, given that PDE4
inhibition increases cAMP signaling and thus acts as a physiologic antagonist of α2adrenoceptor signaling. As shown in Figure 3C, the archetypal PDE4 inhibitor Rolipram,
as well as the second-generation PDE4 inhibitor Piclamilast/RP73401, both shorten the
duration of Ketamine/Xylazine anesthesia in mice, although with distinct potencies. As
little as 0.1 mg/kg Rolipram significantly shortens Ketamine/Xylazine-induced
anesthesia, whereas doses higher than 1 mg/kg Piclamilast are required to produce a
significant effect.
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Figure 3. PAN-Selective PDE4 inhibition shortens the duration of Ketamine/Xylazineinduced anesthesia via α2-adrenoceptor antagonism.

(A,B) Representative images illustrating the measurement of “Time to righting”. Upon
induction of anesthesia and the resulting loss of righting (~3 min after
Ketamine/Xylazine injection), the unconscious mice are placed on their backs (A). As the
anesthetic effect of Ketamine/Xylazine wears off and the animals awaken, the righting
reflex, an automatic reaction to move the body to its normal/prone position, kicks in and
the mice turn onto their abdomen (B). The time from loss of righting to the time of first
righting is recorded. (C) Mice were anesthetized with a combination of Ketamine (80
mg/kg) and Xylazine (10 mg/kg) administered by intraperitoneal injection. Ten minutes
later, the animals were injected intraperitoneally with the α2-adrenoceptor antagonist
Yohimbine (1 mg/kg), the PAN-PDE4 inhibitors Rolipram (0.01, 0.1, or 1 mg/kg) or
Piclamilast/RP73401 (1 or 5 mg/kg) or solvent control (Mock). The mice were then
placed in dorsal recumbency and the time to first righting was measured. Data represent
the mean ± SEM. Statistical analysis was determined using the Kruskal–Wallis test
followed by Dunn’s post hoc test and is indicated as * (p < 0.05) or *** (p < 0.001).

Shortening the duration of Ketamine/Xylazine-induced anesthesia has previously
been suggested as a physiological correlate of the emetic potential of PDE4 inhibitors,
given that both PAN-PDE4 inhibitors as well as α2-adrenoceptor antagonists, such as
Yohimbine, induce emesis in ferrets and that treatment of ferrets with α2-adrenoceptor
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agonists, such as Clonidine, alleviates PDE4 inhibitor-induced vomiting 83-84. The
duration of Ketamine/Xylazine-induced anesthesia has subsequently been used as a
correlate to assess the emetic potential of PDE4 inhibitors in species that are unable to
vomit, including mice and rats 73,82. In a landmark study probing the critical question of
which PDE4 subtypes may be involved in the emetic effects of PDE4 inhibitors, it was
shown that in mice the genetic ablation of PDE4D, but not the ablation of PDE4B,
shortens the duration of Ketamine/Xylazine anesthesia, mimicking the effect of PDE4
inhibitors73. This finding has led to the conclusion that PDE4D inactivation mediates the
emetic effects of PDE4 inhibitors and is irrevocably tied to inducing emesis. This, in turn,
has led to efforts to develop PDE4 inhibitors with selectivity for PDE4B over PDE4D
54,87-92

, at the same time forgoing numerous therapeutic benefits that may be derived from

PDE4D inhibition. Here, we confirm and extend the finding that PDE4D is the sole and
principal PDE4 subtype involved in shortening the duration of Ketamine/Xylazineinduced anesthesia in mice. As shown in Figure 4, selective ablation of either PDE4A,
PDE4B or PDE4C in mice has no effect on the duration of Ketamine/Xylazine-induced
anesthesia (Figure 4A–C), whereas selective ablation of PDE4D (Figure 4D) shortens
anesthesia to levels similar to the administration of PAN-selective PDE4 inhibitors (see
Figure 3C). While recent studies have confirmed the value of the Ketamine/Xylazine
anesthesia test as a model of α2-adrenoceptor antagonism, its value as a physiological
correlate of nausea and/or emesis in humans is less clear 85. We thus explored alternative
correlates of emetic potential in mice.
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Figure 4. Genetic ablation of PDE4D, but not ablation of PDE4A, PDE4B or PDE4C,
shortens the duration of Ketamine/Xylazine-induced anesthesia in mice.

Mice were anesthetized with a combination of Ketamine (80 mg/kg) and Xylazine (10
mg/kg) administered by intraperitoneal injection. Upon loss of righting (~3 min), the
mice were placed in dorsal recumbency and the time to first righting was measured. Mice
that never lost the righting reflex were counted as 0 min. Data represent the mean ±
SEM. Statistical significance was determined using the Mann–Whitney test with 95%
confidence interval and is indicated as *** (p < 0.001) or ns (not significant; p > 0.05).

2.3.2 Treatment with PAN-PDE4 Inhibitors Induces Hypothermia in Mice
Prior studies have shown that treatment with PAN-PDE4 inhibitors induces a fastonset, substantial, and long-lasting hypothermia in various animal species, including
mice, rats and rabbits 24,93-94. As shown previously24, this is a class effect of PDE4
inhibitors as it is induced by various, structurally distinct PAN-PDE4 inhibitors (see
Figures 5A and 7. Intriguingly, an increasing body of evidence causally links nausea and
emesis with hypothermia65-66, 68. Hence, we explored the measurement of core body
temperatures to re-evaluate the association of individual PDE4 subtypes with emetic
potential.
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Figure 5. Treatment with PDE4 inhibitors induces hypothermia.

(A) The core body temperature of mice was measured at the indicated time points prior to
and after injection of the PAN-PDE4 inhibitors Piclamilast/RP73401 or Roflumilast
(both 5 mg/kg; i.p.) or solvent control. Data represent the mean ± SEM. Statistical
significance was determined using two-way ANOVA with Sidak’s post hoc test. The
picture inset illustrates the measurement of core body temperature using a rectal
thermometer. (B) Scheme illustrating the reciprocal relationship between nausea and
hypothermia frequently observed in humans and animals. Nausea induced by motion,
poison, surgery/anesthesia (post-operative nausea and vomiting (PONV)), drug- or
radiation treatment is frequently accompanied by hypothermia. Conversely, aberrant
body temperature regulation (including cold exposure) can predispose to nausea25, 41-43.

2.3.3 PDE4 Inhibitor-Induced Hypothermia Results from the Concurrent Inhibition
of Multiple PDE4 Subtypes
To determine if one of the four PDE4 subtypes (PDE4A to D) is predominantly
responsible for the PDE4 inhibitor-induced hypothermia phenotype, we compared the
body temperature of mice deficient in PDE4A, PDE4B, PDE4C or PDE4D to the body
temperature of their respective wildtype littermates. As shown in the solid columns of
Figure 8A–D, genetic ablation of any of the four PDE4 subtypes did not significantly
change the baseline body temperature of mice. To exclude the possibility that
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compensatory changes may have obscured the loss of one PDE4 in the control of body
temperature, the effect of treatment with the PDE4 inhibitor Piclamilast (5 mg/kg, i.p.)
was then tested in each knockout strain and their respective wildtype littermate controls.
As shown in Figure 6A–D, treatment with a high dose of Piclamilast produced substantial
hypothermia in each knockout strain that was similar in extent to that of the matching
wildtype controls. Together, these data suggest that ablation of a single PDE4 subtype
does not cause hypothermia, which instead likely results from the simultaneous inhibition
of multiple (at least two) PDE4 subtypes. How many and which PDE4 subtypes are
involved in mediating the effect of PAN-PDE4 inhibitors on body temperature regulation,
and thus associate with emetic potential, remains to be determined.
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Figure 6. PDE4 inhibitor-induced hypothermia results from the concurrent inactivation of
multiple (at least two) PDE4 subtypes.

The core body temperature of PDE4 knockout (KO, red bars) mice and their respective
wildtype (WT, green bars) littermates was measured just prior to (control, solid colors)
and again 30 min after i.p. injection of the PAN-PDE4 inhibitor Piclamilast/RP73401
(after Piclamilast; striated bars; 5 mg/kg). Injection of Piclamilast produced a statistically
significant drop in body temperature in all genotypes (p < 0.01 for 4CKO; p < 0.001 for
all others). Conversely, the body temperature of mice deficient in (A) PDE4A (4AKO),
(B) PDE4B (4BKO), (C) PDE4C (4CKO) or (D) PDE4D (4DKO) was not different from
that of their respective wildtype (WT) littermates either prior to or after injection of the
PDE4 inhibitor Piclamilast. Data represent the mean ± SEM. Statistical significance was
determined using the Mann–Whitney test with 95% confidence interval and is indicated
as # (p > 0.05).

As far as the role of individual PDE4 subtypes, and in particular PDE4D, is
concerned, the two correlates of emetic potential studied here, hypothermia (Figure 6)
and the duration of α2-adrenoceptor-dependent anesthesia (Figure 4), produce contrary
results. α2-adrenoceptor-dependent anesthesia is exclusively mediated by inactivation of
PDE4D, whereas hypothermia is not. Given the lack of any effect of PDE4D ablation on
hypothermia, we wished to exclude the possibility that the substantial hypothermia
induced by a high dose of Piclamilast (5 mg/kg; Figure 6) may have overshadowed a
potential, more subtle effect of genetic PDE4D ablation on body temperature regulation.
Thus, we initially repeated body temperature measurements in PDE4D-KO mice and
their respective wildtype controls using submaximal doses of the PAN-PDE4 inhibitors
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Piclamilast and Rolipram as follow-up experiments. Intriguingly, the dose of the PDE4
inhibitors used and/or the amplitude of hypothermia induced by PDE4 inhibitor treatment
did not alter the pattern of responses in PDE4D-WT versus PDE4D-KO mice. For
example, upon treatment with Piclamilast, there was no difference in the levels of
hypothermia between PDE4D-WT and PDE4D-KO mice whether a high dose of the drug
was used and hypothermia was more substantial (5 mg/kg Piclamilast; −5°C; Figure 6D)
or if a lower drug dose was used, producing a more subtle hypothermia (1 mg/kg
Piclamilast; −2 °C; Figure 7C). However, we observed that the type of PDE4 inhibitor
used affected responses in PDE4D-WT and PDE4D-KO mice. Upon treatment with
Piclamilast, Roflumilast or YM976 (Figure 7C–E), the level of hypothermia induced by
the inhibitors was the same in PDE4D-WT and PDE4D-KO mice. Conversely, PDE4DKO mice were partially protected from hypothermia induced by treatment with Rolipram
or RS25344 (Figure 7A,B).
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Figure 7. Genetic deletion of PDE4D in mice alleviates the hypothermia induced by firstgeneration PDE4 inhibitors Rolipram and RS25344.

(A–E) Core body temperatures of PDE4D knockout (4DKO) mice and their respective
wildtype (4DWT) littermates were measured just prior to (control) and again 30 min after
i.p. administration of the PAN-PDE4 inhibitors (A) Rolipram (0.2 mg/kg), (B) RS25344
(0.2 mg/kg), (C) Piclamilast/RP73401 (1 mg/kg), (D) Roflumilast (1 mg/kg) or (E)
YM976 (5 mg/kg). Data represent the mean ± SEM. Statistical significance was
determined using the Mann–Whitney test with 95% confidence interval and is indicated
as # (p > 0.05; not significant), * (p < 0.05) or *** (p < 0.001). The chemical structures
of the PAN-PDE4 inhibitors tested are shown for comparison. Compounds are grouped
into the first-generation PDE4 inhibitors, Rolipram and RS25344 (A,B), on the left, and
the second-generation PDE4 inhibitors, Piclamilast, Roflumilast and YM976 in (C–E),
on the right. First-generation inhibitors are distinguished from second-generation drugs
by high emetic potential, selectivity for HARBS (high-affinity Rolipram-binding state—a
unique conformation of PDE4 proteins) and their preference for inhibition of PKAphosphorylated/activated PDE426,42,74,80. While all listed PDE4 inhibitors do engage in
paradigms that require brain-penetrance (e.g., anesthesia, dyskinesia, hypothermia 42,78),
the effects of Rolipram and RS25344 appear more rapid in onset and more potent
compared to second-generation PAN-PDE4 inhibitors, suggesting that Rolipram and
RS25344 exhibit a more rapid and profound brain-penetrance.

22

The separation of PDE4 inhibitors into one group that produces distinct effects in
PDE4D-WT/KO mice (Rolipram and RS25344) and another group that does not
(Piclamilast, Roflumilast, YM976) is not dependent upon the chemical core structure of
the drugs (highlighted in red in Figure 7A–E), given that Roflumilast and Piclamilast are
derivatives of Rolipram and that YM976 is a derivative of RS25344 (Figure 7). However,
the compounds cluster well by some of their established pharmacodynamic and
pharmacokinetic differences, in that Rolipram and RS25344 are more potently emetic and
somewhat more brain-penetrant than the second-generation PDE4 inhibitors Roflumilast,
Piclamilast and YM976. In addition, Rolipram and RS25344 exhibit a preference for
binding to the HARBS (high-affinity Rolipram-binding state 95) conformation of PDE4s,
as well as an increased potency to inhibit the PKA-phosphorylated/activated PDE4 long
forms, whereas Roflumilast, Piclamilast and YM976 do not96-97 (Figure 7).
2.3.4 Role of α2-Adrenoceptor Signaling in Body Temperature Regulation
Given that distinct PDE4 subtypes appear to mediate the effect of PAN-PDE4
inhibitors on the duration of Ketamine/Xylazine-induced anesthesia (Figure 4) or
hypothermia (Figures 6 and 7), we wished to assess the level of similarity or divergence
of the molecular mechanisms underlying these two phenotypes. To this end, we tested
whether the PDE4 inhibitors’ ability to mimic α2-adrenoceptor antagonism, which drives
their effect on the duration of Ketamine/Xylazine-induced anesthesia, may also
contribute to their induction of hypothermia. As shown in Figure 3C, treatment with the
α2-adrenoceptor blocker Yohimbine (1 mg/kg; i.p.) mirrors the effect of PAN-PDE4
inhibitors and potently shortens the duration of Ketamine/Xylazine anesthesia.
Conversely, the same dose of Yohimbine does not have any effects on baseline body
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temperature (Figure 8A) and thus does not replicate the effect of PAN-PDE4 inhibitors in
this paradigm. Intriguingly, however, treatment with the α2-agonist Clonidine induced
dose-dependent hypothermia in mice (Figure 8A). Clonidine-induced hypothermia was
effectively alleviated by pre-treatment with the α2-blocker Yohimbine (Figure 8B).
Conversely, neither pre-treatment with the α2-blocker Yohimbine nor pre-treatment with
the α2-agonist Clonidine alleviated PAN-PDE4 inhibitor-induced hypothermia (Figure
8C), suggesting that α2-adrenoceptor signaling is not involved in the body temperature
perturbance produced by PAN-PDE4 inhibitors. Taken together, these data suggest that
distinct molecular pathways mediate the effect of PDE4 inhibitors on the two correlates
of emetic potential studied here. While the effect of PAN-PDE4 inhibitors on the duration
of Ketamine/Xylazine-induced anesthesia is mediated via α2-adrenoceptor antagonism,
the effect of PDE4 inhibitors on hypothermia is independent of α2-adrenoceptor
signaling, and it is thus understandable that distinct patterns of PDE4 subtypes are
involved in these two paradigms.
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Figure 8. Agonism at α2-adrenoceptors induces hypothermia, but neither agonism nor
antagonism of α2-adrenoceptors protects from PDE4 inhibitor-induced hypothermia in
mice.

(A) The effect of treatment with the α2-adrenoceptor antagonist Yohimbine (1 mg/kg;
i.p.) or the α2-adrenoceptor agonist Clonidine (0.04, 0.2 and 1 mg/kg; i.p.) on core body
temperature measured 30 min after drug injection. Each dot represents a different animal.
(B) Pre-treatment with the α2-adrenoceptor antagonist Yohimbine (1 mg/kg; i.p., at 0
min) protects from hypothermia induced by the α2-adrenoceptor agonist Clonidine
(administered i.p. 60 min after pretreatment) (n = 8). (C) Neither pre-treatment with the
α2-adrenoceptor antagonist Yohimbine (1 mg/kg; i.p.) nor the α2-adrenoceptor agonist
Clonidine (0.2 or 1 mg/kg; i.p.) protects from or alters PDE4 inhibitor-induced
hypothermia (Rolipram, 1 mg/kg, administered i.p. at 60 min after pretreatment) (n = 8).
All data represent the mean ± SEM. Statistical significance was determined using the
Kruskal–Wallis test and Dunn’s post hoc test for the bar graph in (A) and using two-way
ANOVA with Sidak’s post hoc test for the time courses in (B,C) and is indicated as * (p
< 0.05), ** (p < 0.01), or *** (p < 0.001).

2.3.5 Treatment with the Antiemetic Metoclopramide Alleviates PAN-PDE4
Inhibitor-Induced Hypothermia in Mice
If hypothermia represents a close correlate of the emetic potential of PAN-PDE4
inhibition in mammals, then anti-emetic medications may also be effective in reducing
PDE4 inhibitor-induced hypothermia. To test this idea, we explored the role of two antiemetics used to treat nausea due to chemo- or radiation-therapy: the 5-hydroxytryptamine
3 (5-HT3)-serotonin receptor blocker Ondansetron and the prokinetic Metoclopramide,
which acts via D2-dopamine receptor antagonism and 5-HT4-serotonin receptor agonism.
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As shown in Figure 7, treatment with Metoclopramide partially alleviated hypothermia
induced by the PAN-PDE4 inhibitor Rolipram (Figure 9A), whereas Ondansetron had no
effect (Figure 9B).

Figure 9. Effect of the antiemetics metoclopramide and Ondansetron on PDE4
inhibitor-induced hypothermia.
After measurement of baseline body temperature (at −30 and −1 min), mice were treated
with the antiemetics Metoclopramide (10 mg/kg; o.g.; n = 12) or Ondansetron (5 mg/kg;
i.p.; n = 6) or their respective solvent controls (Solvent), followed 60 min later by
injection of the PDE4 inhibitor Rolipram (1 mg/kg; i.p.). Body temperature was
measured at the indicated time points using a rectal probe thermometer. Pre-treatment
with the prokinetic Metoclopramide (A), but not pre-treatment with Ondansetron (B),
alleviated PDE4 inhibitor-induced hypothermia. All data represent the mean ± SEM.
Statistical significance was determined using two-way ANOVA with Sidak’s post hoc
test and is indicated as * (p < 0.05).
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2.4 Discussion

2.4.1 Assessing Hypothermia as a Correlate of PDE4 Inhibitor-Induced Nausea and
Emesis in Mice: Comparison of First- and Second-Generation PDE4 Inhibitors
Nausea and/or emesis induced by a variety of triggers, from motion-sickness to
radiation-treatment, anesthesia and/or surgery, or treatment with distinct classes of drugs,
can all produce features of impaired thermoregulation64-68. This begs the question of
whether PDE4 inhibitor-induced hypothermia may also represent an accurate and thus
valuable correlate of the emetic potential of this particular class of drugs? Intriguingly,
the potency of PAN-PDE4 inhibitors to induce nausea and/or emesis in humans 80,95 the
potency of the same drugs to induce vomiting in animals83, 98-99, as well as the potency of
these drugs to induce correlates of emesis in animals, such as shortening the duration of
α2-adrenoceptor-dependent anesthesia 73, 82-83 and gastric retention 19,75, as well as
hypothermia 24, all align to indicate that first-generation PDE4 inhibitors, such as
Rolipram or RS25344, are significantly more emetic than second-generation PDE4
inhibitors. This pattern is confirmed in the present study. As shown in Figure 3C, the
first-generation PDE4 inhibitor Rolipram is more potent than Piclamilast in the
Ketamine/Xylazine anesthesia model. For hypothermia, the higher potency of firstgeneration PDE4 inhibitors was reported previously 24 but is also apparent in Figure 5, as
doses of 0.2 mg/kg Rolipram or RS25344 (Figure 7A,B) produce more substantial
hypothermia compared to higher doses of various second-generation PDE4 inhibitors
(Figure 7C–E).
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Importantly, the order of potencies by which they induce vomiting or correlates of
emetic potential does not match the order of potency by which these drugs inhibit PDE4
activity in vivo or in vitro. This is illustrated by the fact that Rolipram is the least potent
in inhibiting PDE4 of the drugs tested here but is one of the most emetic 74,78.
Nevertheless, there are several well-established properties that clearly distinguish firstand second-generation PDE4 inhibitors. The former, exemplified by Rolipram and
RS25344, exhibit a preference for binding to HARBS (high-affinity Rolipram-binding
state 78), a particular conformation of PDE4 proteins, and both drugs also exhibit
increased potency to inhibit PKA-phosphorylated/activated PDE4 compared to the nonphosphorylated enzymes 74,78,96. Neither of these properties are shared by the secondgeneration PDE4 inhibitors, such as Roflumilast or Piclamilast74, 80, 96-97 (Figure 7).
Rolipram and RS25344 are arguably also more brain-penetrant 26, 75. Thus, it seems
plausible that a preference for HARBS and/or PKA-phosphorylated/activated PDE4
and/or high brain-penetrance may increase the emetic potential of PDE4 inhibitors such
that they should be avoided in drug development. As these three properties strongly
pattern together, it is currently difficult to clearly identify the main driver of the high
emetic potential of first-generation PDE4 inhibitors among them. Perhaps the latter is not
necessary, as these three properties may define the same pool of PDE4. Given that PDE4
is expressed at high levels in the brain, that cAMP/PKA-signaling is critical for neuronal
signaling and that HARBS is highly enriched in the brain 78,100-103, the high emetic
potential of first-generation PDE4 inhibitors may be due to engagement of a single pool
of PKA-activated, neuronal PDE4 that preferentially exists in HARBS conformation.
Taken together, PDE4 inhibitor-induced hypothermia in mice replicates differences in the

28

emetic potential of first- and second-generation PDE4 inhibitors that are well-established
in humans and animals, suggesting that hypothermia in mice may represent a useful
correlate of the emetic potential of PDE4 inhibitors. This conclusion is further supported
by the finding that treatment with a clinically used anti-emetic, Metoclopramide (Figure
9A), alleviates PDE4 inhibitor-induced hypothermia. That both anti-emetics tested here
did not alleviate PDE4 inhibitor-induced hypothermia (e.g., Ondansetron; Figure 9B)
does not refute this argument, as it is well-known that most anti-emetics do not exhibit a
broad-spectrum clinical efficacy. Instead, the efficacy of a particular class of anti-emetics
is generally closely tied to the particular cause and hence the molecular mechanism that
induced nausea/emesis. Prior reports have shown that this concept extends to the efficacy
of anti-emetics to alleviate hypothermia induced by distinct triggers, such as provocative
motion, radiation or drugs 59,69-70,104.
2.4.2 Role of Individual PDE4 Subtypes in Mediating the Side Effects of PAN-PDE4
Inhibitors: Comparison of Distinct Correlates of Emetic Potential in Mice
Given that development of subtype-selective PDE4 inhibitors is a promising
approach to mitigate the adverse effects of PAN-PDE4 inhibitors, while retaining their
therapeutic benefits, we wished to employ hypothermia in mice as a correlate to identify
the specific PDE4 subtype(s) that predominantly mediate(s) the emetic potential of PDE4
inhibitors. To this end, we assessed body temperatures in mice deficient in each of the
four PDE4 subtypes, PDE4A to D (Figure 6). These experiments revealed that selective
inactivation of each PDE4 subtype per se does not produce hypothermia, which instead
likely results from the concurrent inhibition of multiple (at least two) PDE4 subtypes.
Alternatively, one could also postulate that a critical role of a particular PDE4 subtype on
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body temperature may have been obscured in the response of the respective PDE4
knockout mouse by compensatory changes in the expression or activity of the three other
PDE4 isoforms. We consider this unlikely, however, given the large body of data
suggesting that PDEs are not functionally interchangeable 31,105-106 and because such
compensatory changes in PDE4 expression were not observed in various primary cells or
tissues of PDE4-KO mice reported previously 9,17,29,44,46-47 ,73 107-108.
The finding that ablation of any individual PDE4 subtype does not replicate PANPDE4 inhibitor-induced hypothermia mirrors the effect of subtype-selective PDE4
ablation on gastric retention reported previously 19. Moreover, pre-treatment with the prokinetic Metoclopramide has been shown to alleviate acute gastric retention induced by
PAN-PDE4 inhibition 19 and also alleviates PAN-PDE4 inhibitor-induced hypothermia
(Figure 9). Given prior reports that blockade of D2/3-dopamine receptors alleviates PDE4
inhibitor-induced hypothermia 24, this may suggest that Metoclopramide, which has some
affinity for multiple receptor classes, including D2-dopamine, muscarinic and
serotonergic receptors 109-111, alleviates both gastric retention and hypothermia via its
blockade of D2/3-dopamine receptors.
In contrast to the effect of subtype-selective PDE4 ablation on body temperature
and gastric motility, the effect of PAN-PDE4 inhibition on the duration of α2adrenoceptor-dependent anesthesia 82-84 is exclusively mediated and replicated by
inactivation of PDE4D 73 (Figure 4). This difference in the role of the PDE4D subtype is
paralleled by distinct molecular mechanisms involved in these correlates of emetic
potential. The Ketamine/Xylazine model tests whether PDE4/PDE4D inactivation can act
via physiological α2-adrenoceptor antagonism to shorten/counteract α2-adrenoceptor-
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dependent anesthesia (see Figure 3C). Conversely, as shown in Figure 8, PDE4 inhibitorinduced hypothermia is not mediated by or dependent upon α2-adrenoceptor antagonism.
Intriguingly, both hypothermia as well as gastric retention 19 induced by PDE4 inhibitors
are unaffected by α2-adrenoceptor antagonism (Figure 8A), whereas α2-adrenoceptor
agonists, such as Clonidine, induce hypothermia (Figure 8A) as well as gastric retention
19

. Thus, gastric retention and hypothermia share multiple molecular mechanisms,

including the absence of a predominant role of PDE4D and the effect of D2/3-dopamine
receptor antagonists, as well as the effects of α2-adrenoceptor agonists and antagonists in
these paradigms.
The role of PDE4D in curtailing α2-adrenoceptor-dependent anesthesia may lead
to the assumption that inhibition of PDE4D is irrevocably tied to adverse effects and that
any therapeutic benefits that may be derived from targeting PDE4D must be forfeited. In
contrast, the observation that the concurrent inhibition of multiple PDE4 subtypes is
required to induce hypothermia (Figure 6) or gastric retention suggests that the selective
inhibition of any individual PDE4 subtype, including the selective inhibition of PDE4D,
may be free of nausea and emesis. This may hold true even if PDE4D should be one of
the PDE4 subtypes that must be inhibited simultaneously to produce these adverse
effects, and thus suggests that PDE4D may be targeted for therapeutic benefits. This idea
is validated to some extent by the reduced emetogenic potential of allosteric PDE4Dselective inhibitors in animal models reported previously 112-113.
Considering the distinct effect of PDE4D ablation on Ketamine/Xylazine-induced
anesthesia versus hypothermia, it is tempting to speculate which of the two is a more
accurate correlate of emetic potential. However, as a short historic perspective on the
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emetic effects of other drug classes (e.g., chemotherapeutics 59) would quickly reveal,
such speculations are likely futile and error-prone at present. Only after candidate PDE4
inhibitors (whether they are designed to be subtype/PDE4D-selective, conformationselective, or perhaps exhibit unique pharmacokinetic properties) demonstrate the absence
of adverse effects compared to PAN-PDE4 inhibitor in humans may these compounds
also serve to identify the more appropriate animal model that reflects the emetic potential
of PDE4 inhibition, which may subsequently serve as a standard in drug development.
Moreover, just as individual patients taking PDE4 inhibitors may experience variable
levels of nausea and emesis, it is also possible that distinct molecular mechanisms
contribute to nausea and emesis in individual patients experiencing these adverse effects,
which opens the possibility that different animal models capture the emetic potential of
PDE4 inhibitors reflective of distinct patient populations.
2.4.3 Variable Responses of PDE4D-KO Mice to Hypothermia Induced by Firstand Second-Generation PAN-PDE4 Inhibitors
The observation that two first-generation PDE4 inhibitors, Rolipram and
RS25344 (Figure 7A,B), produce less severe hypothermia in PDE4D-KO mice compared
to wildtype controls is noteworthy, given that this involves PDE4D somehow in the
hypothermia paradigm. There are various possible explanations for this observation, all
of which remain to be tested experimentally, however. For example, given the necessity
of maintaining normal body temperature for the survival of the organism, one may
speculate that the long-term deletion of PDE4D in the KO animals, even if acute PDE4D
inactivation were to affect body temperature, would trigger an adaptation and
compensatory mechanisms to restore body temperature back to 37 °C. Even if so, PDE4D
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must not play a predominant role, however, given that all PDE4 inhibitors, including the
first-generation PDE4 inhibitors Rolipram and RS25344, produce significant
hypothermia in PDE4D-KO mice. This clearly shows that these inhibitors act in PDE4DKO mice via inhibition of PDE4s other than PDE4D to induced hypothermia. But why
are there differences between first-generation PDE4 inhibitors, which distinguish
between WT and PDE4D-KO mice, and second-generation PDE4 inhibitors, which do
not? These differences suggest that while PDE4D is mechanistically linked to the highly
emetic effects exhibited by Rolipram and RS25344, there is no such mechanistic link
associating PDE4D with the emetic potential that remains in current second-generation
PDE4 inhibitors. In other words, first- and second-generation PDE4 inhibitors induce
emesis via inhibition of distinct, though likely overlapping, pools of PDE4 in the body.
By avoiding a particular pool of PDE4, which is likely predominated by PDE4D (e.g., a
pool of PDE4D in HARBS conformation of the central nervous system), secondgeneration PDE4 inhibitors present with an improved safety profile. However, PDE4D
does not seem to play a predominant role in mediating the remaining adverse effects of
second-generation PDE4 inhibitors. Thus, for further improvement in the safety profile of
this class of drugs (e.g., development of third-generation PDE4 inhibitors) there is little
concrete evidence to suggest that their action on PDE4D must be avoided.
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2.5 Conclusions
Given the growing body of evidence that links nausea and emesis to disturbances
in thermoregulation in mammals, we here explored PDE4 inhibitor-induced hypothermia
as a novel correlate of nausea in mice. Using knockout mice for each of the four PDE4
subtypes, we show that selective inactivation of individual PDE4 subtypes does not
produce hypothermia, which must instead require the concurrent inactivation of multiple
(at least two) PDE4 subtypes. This finding contrasts with prior reports that proposed
PDE4D as the subtype mediating these adverse effects of PAN-PDE4 inhibitors and
suggests that inhibitors that selectively target any individual PDE4 subtype, including
those targeting PDE4D, may be free of nausea and emesis.
Intriguingly, the potency of distinct PDE4 inhibitors to induce hypothermia correlates
well with the reported potency of these drugs to induce nausea and/or emesis in humans,
as well as their potency to engage correlates of emetic potential in animals. In addition,
hypothermia mirrors some of the facets of PDE4 inhibitor-induced gastric retention
reported previously 19, in that both require the inactivation of multiple PDE4 subtypes
and both are alleviated by D2/3-dopamine receptor blockers. Finally, treatment with a
clinically used anti-emetic, Metoclopramide, alleviates PDE4 inhibitor-induced
hypothermia in mice, providing a mechanistic link between the two physiological
paradigms. Together, these observations suggest that hypothermia may represent a useful
correlate for PDE4 inhibitor-induced nausea and thus represents a rapid and costeffective experimental approach to evaluate novel lead compounds or to explore novel
mechanistic insights to facilitate drug development.
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CHAPTER III
THE cAMP-PHOSPHODIESTERASE 4 (PDE4) CONTROLS bADRENOCEPTOR- AND CFTR-DEPENDENT SALIVA SECRETION IN MICE

3.1 Introduction
It is now well appreciated that in humans and animals alike, saliva is
indispensable for oral health, and in extension for the overall health of the organisms114-116.
While largely comprised of water, saliva contains critical minerals and electrolytes (such
as sodium, potassium, calcium, chloride), buffers (bicarbonate) as well as a plethora of
proteins including digestive enzymes (e.g. amylase), various antimicrobials (including
cystatins, lysozyme, agglutinins, and secretory immunoglobulins/IgA), as well as a large
number of glycoproteins, of which mucins (e.g. Muc5B) are the most eminent. Together,
these facilitate several critical tasks including the lubrication and moistening of oral
mucosal surfaces, the maintenance of microbial homeostasis and innate immune defense,
they assist in the digestion of food, bolus formation, swallowing, and taste, and play
critical roles in the mineralization of teeth and wound healing115-117. Humans produce
between 0.5 and 1 L of saliva each day and its importance is plainly demonstrated by the
significant discomfort and impairments suffered by patients with salivary gland
hypofunction, which include xerostomia, the feeling of dry mouth, a loss
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of taste sensation, difficulty chewing, digesting and swallowing food leading to
malnutrition/weight loss, an increased incidence of oral infections, sialosis, enamel
hypomineralization and dental caries114-116 ,118. Salivary gland hypo/dys-function is caused
by various medical conditions or interventions including ageing, radiation therapy (e.g.
for head and neck cancers), autoimmune diseases (such as Sjögren’s syndrome),
infection/inflammation affecting the salivary glands, diabetes, or be caused by a wide
range of xerogenic medications (including anticholinergics, anti-histamines, some
antidepressants/antipsychotics, or antihypertensives)118. Current treatment options are
limited and include parasympathomimetics, particularly the M1/3-muscarinicacetylcholine receptor agonists Pilocarpine and Cevimeline, as well as symptomatic
(mouth washes or gels) or homeopathic treatments.
Saliva is produced by three main glands, the submandibular gland (SMG), the
sublingual gland (SLG), and the parotid gland (PG), as well as a multitude of smaller
glands114, which are regulated by both the sympathetic and the parasympathetic
autonomic nervous system and produce secretions with distinct compositions119. An
intracellular increase in calcium (e.g. in response to M3AChR or α1-adrenoceptor
activation) induces production of large volumes of a watery saliva that is low in protein
content. Conversely, an increase in the second messenger cAMP (e.g. in response to βadrenergic stimulation) induces secretion of saliva that is high in protein content116,118.
The cellular concentration of cAMP is principally defined by the interplay
between Gs- and Gi-coupled receptor signaling that determines the rate of cAMP
synthesis by adenylyl cyclases, but in equal measure by the rate of cAMP degradation
that is catalyzed by cyclic nucleotide phosphodiesterases (PDEs). In humans and most
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mammalian model species, including mouse and rat, PDEs are encoded by 21 genes,
which in turn are grouped into 11 PDE families by sequence homology30, 32. The PDE4
family is the largest
of the PDE families, comprising four PDE4 genes or subtypes, PDE4A, PDE4B, PDE4C,
and PDE4D32. Each PDE4 gene in turn is expressed as a large number of protein variants,
that are generated via use of alternate promoters and transcription start sites, or by
alternative splicing. These variants are distinguished by their cell- and tissue-specific
expression patterns, unique post-translational regulation, and their recruitment into
distinct macromolecular signaling complexes and subcellular compartments53. As a result,
individual PDE4 subtypes and protein variants exert unique cellular and physiologic
functions. PDE4s are also widely expressed, so that one or more PDE4 variants are found
in almost every cell of the body, and combined, PDE4s often contribute a significant
amount of total cellular cAMP hydrolytic capacity. Given their wide distribution, it is not
surprising that PAN-selective PDE4 inhibition produces an array of potentially
therapeutic benefits, including broad-spectrum anti-inflammatory properties,
improvement in cognition and memory, metabolic- or cardiovascular effects29-30, 35,52.
While exploring potential anti-inflammatory benefits of PDE4 inhibition in a model of
bacterial lung infection, we noticed an obvious, abnormal salivation in mice pretreated
with PDE4 inhibitors when we subsequently handled the animals during intratracheal
infection, and have further explored this observation.

37

3.2 Materials and Methods

3.2.1 Drugs
Piclamilast (RP73401; 3-(Cyclopentyloxy)-N-(3,5-dichloropyridin-4-yl)-4methoxybenzamide), Rolipram (4-(3-cyclopentyloxy-4-methoxyphenyl)pyrrolidin-2-one),
Roflumilast (3-(cyclopropylmethoxy)-N-(3,5-dichloropyridin-4-yl)-4(difluoromethoxy)benzamide), Cilostamide (N-cyclohexyl-N-methyl-4-[(2-oxo-1Hquinolin-6-yl)oxy]butanamide, and Atropine were from Cayman Chemical (Ann Arbor,
MI), Isoprenaline, Pilocarpine, and Propranolol from Millipore Sigma (St. Louis, MO,
USA), and RS25344 (1-(3-nitrophenyl)-3-(pyridin-4-ylmethyl)pyrido[2,3-d]pyrimidine2,4-dione) was obtained from Santa Cruz Biotech (Santa Cruz, CA). All drugs were
initially dissolved in DMSO, subsequently diluted into phosphate-buffered saline (PBS),
pH 7.4, containing final concentrations of 5% DMSO and 5% Cremophor EL (Millipore
Sigma, St. Louis, MO) and were applied by intraperitoneal (i.p.) injection (100 µl per 20
g body weight).
3.2.2 Animals
Wild-type C57BL/6 mice for experimentation were generated in-house using
breeders obtained from Charles River Laboratories (Wilmington, MA). Mice deficient in
PDE4A45, PDE4B9 and PDE4D6 were generated by Drs. S.-L. Catherine Jin and Marco
Conti (Stanford University, CA; also see11) and kindly distributed via the Mutant Mouse
Resource and Research Centers (MMRRC, http://www.mmrrc.org, PDE4A stock ID#
034793-UCD, PDE4B stock ID# 034682-UCD, PDE4D stock ID# 034588-UCD) of the
University of California at Davis. PDE4C knockout mice (Pde4ctm1.1(KOMP)Wtsi/J) were
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generated by the National Institutes of Health (NIH) Knockout Mouse Program (KOMP;
www.komp.org) and kindly distributed via the KOMP repository at the University of
California at Davis. Please find a description of the PDE4C knockout mouse here19;
additional details are available on the website of the Mutant Mouse Regional Resource
Centers (MMRRC; http://www.mmrrc.org; Stock number 049025-UCD). Mice carrying
the ΔF508-CFTR (Cftrtm1Kth) mutation, that is common among cystic fibrosis patients,
were generated by Dr. Kirk R. Thomas (University of Utah) and kindly distributed via
The Jackson Laboratory (stock 002515 | ΔF; Bar Harbor, ME, USA). To alleviate their
established phenotype of lethality resulting from bowel obstructions, the ΔF508-CFTR
colony was maintained on laxative (50% Golytely; Braintree Laboratories, Braintree, MA,
USA) in the drinking water. All mice were maintained on a C57BL/6 background and
group housed four mice per cage with ad libitum access to food and water in a
temperature-controlled (22-23°C) vivarium with a 12-h light/dark cycle. Adult mice ≥10
weeks of age and ≥18 g of body weight were used for experimentation by equally and
randomly dividing cage littermates into experimental groups. Unless indicated otherwise,
experiments were performed using male mice. Experimenters were blinded to the identity
of the injected drugs until data acquisition and analyses were completed. All experiments
and procedures were conducted in accordance with the guidelines described in the Guide
for the Care and Use of Laboratory Animals (National Institutes of Health, Bethesda, MD,
USA) and were approved by the University of South Alabama Institutional Animal Care
and Use Committee. For euthanasia, animals were injected i.p. with EUTHASOL®
Euthanasia Solution (Patterson Veterinary, Greeley, CO, USA) followed by cervical
dislocation.
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3.2.3 Scoring salivation in awake mice
An experimenter, blinded to drug treatments or genotypes, scored the mice three
times at 10, 20, and 30 min after drug injection as either “normal/not salivating = 0” or
“abnormal/increased salivation=1”. For each animal, the number/sum of positive “1”
scores out of the three performed is reported.
3.2.4 Measurement of saliva secretion rate
Saliva secretion was measured as reported previously with minor modifications120.
In short, after induction of anesthesia using Ketamine/Xylazine (80 and 10 mg/kg in PBS;
i.p.), mice were placed on their sides, their mouths were wiped out with tissue, and
narrow, pre-weighed strips of filter paper (4 mm x 20 mm) were placed 7 mm deep into
their downward-facing cheek to absorb saliva (see Fig. 12A). The filter papers are
replaced every 10 min for a total of 60 min and saliva production is calculated as the
increase in weight of the paper strips before and after placement in the mice’s mouth.
Two different timelines were applied to evaluate the effect of PDE4 inhibitor treatment
on saliva production in anesthetized mice. In the short protocol (see scheme in Fig. 12B),
PDE4 inhibitors or solvent control are injected (i.p.), and measurement of saliva
production is initiated as soon as the mice lose consciousness (3-5 min) after
Ketamine/Xylazine administration. In the longer protocol (see Fig. 12C), test drugs (e.g.
PDE4 inhibitor, Isoprenaline, Pilocarpine) are injected 15 min after administration of
Ketamine/Xylazine. For several data sets, both time courses of cumulative saliva
production as well as the total amount of saliva produced in 60 min. is reported. Saliva
production after treatment with high-dose Pilocarpine (1 mg/kg) is so substantial, that
filter papers are soaked past the 7 mm depth within 2-5 min. Thus, for Pilocarpine only,
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filter papers were replaced once or twice within a given 10 min time period as needed. If
animals started to recover from anesthesia during the 60 min time course of the
experiment (as detected by independent limb or head movements), additional doses of
25% of the original volume of Ketamine/Xylazine (80 and 10 mg/kg in PBS; i.p.) were
administered to maintain anesthesia. PDE inhibitors were generally administered at a
dose of 1 mg/kg (i.p.), which has been shown to produce ≥50% of maximal efficacy on a
variety of acute phenotypes of PDE4 inhibition in mice19,26, 24, and thus likely reflects
≥50% target engagement.
3.2.5 Measurement of cAMP-PDE activity in salivary glands
Salivary glands were extracted from mice, flash-frozen in liquid nitrogen and
stored at -80°C until processing. Tissues were then homogenized in buffer containing 20
mM HEPES (pH 7.4), 1 mM EDTA, 0.2 mM EGTA, 150 mM NaCl, 20% sucrose,
HaltTM Protease & Phosphatase Inhibitor Cocktail (Thermo Scientific, Rockford, IL)
and 1% Triton X-100 using a Dounce glass homogenizer. After a 30-min rotation at 4°C,
cell debris was pelleted with a 10-min centrifugation at 20,000 g at 4°C, and soluble
extracts were then subjected to cAMP-PDE activity assays following a protocol described
previously121 with minor modifications. In brief, samples were assayed in a reaction
mixture of 200 μl containing 40 mM Tris-HCl (pH 7.4), 10 mM MgCl2, 1.34 mM βmercaptoethanol, 1 μM cAMP, and 0.1 μCi [3H]cAMP (Perkin Elmer, Waltham, MA) for
10 min at 37°C followed by heat inactivation in a boiling water bath for 1 min. The PDE
reaction product 5′-AMP was then hydrolyzed by incubation of the assay mixture with 50
μg Crotalus atrox snake venom (Sigma-Aldrich, St. Louis, MO) for 20 min at 37°C and
the resulting adenosine was afterwards separated by anion exchange chromatography on
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1 ml of AG1-X8 resin (Bio-Rad Laboratories, Hercules, CA) and quantitated by
scintillation counting. PDE4 activity was defined as the fraction of total cAMP-PDE
activity inhibited by 10 μM of the archetypal PDE4 inhibitor Rolipram compared to
solvent control (final concentration of 1% DMSO in the assay reaction).
3.2.6 Data and Statistical Analysis
All data are expressed as the mean ± SEM and n numbers indicate the number of
individual animals assessed and are represented by individual dots in the scatter plots.
The GraphPad Prism 8.3 software (GraphPad Software Inc, San Diego, CA, USA) was
used to perform statistical analyses. Mann-Whitney test with 95% confidence interval
was used to compare two treatment groups and Kruskal-Wallis followed by Dunn’s post
hoc test was used to determine differences between more than two treatment groups.
Time courses were analyzed using two-way ANOVA with Bonferroni’s post hoc test.
Statistical differences are indicated as # (not significant; p>0.05), * (p<0.05), ** (p<0.01),
and *** (p<0.001).

3.3 Results

3.3.1 Treatment with PAN-PDE4 inhibitors induces salivation in awake/conscious
mice
While performing intratracheal infections, we noted that mice pretreated with
PDE4 inhibitors exhibited an unusual, elevated salivation (see representative images in
Fig. 10A/B). The effect was replicated by several, structurally-distinct PAN-PDE4
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inhibitors including Rolipram, Roflumilast, Piclamilast/RP73401, and RS25344 (all at 1
mg/kg; i.p.), as scored by an experimenter blinded to drug treatments at 10, 20, and 30
min after drug injection (Fig. 10C). Conversely, treatment with the PDE3-inhibitor
Cilostamide had no effect (Fig. 10C). Together, these data suggest that increased
salivation is a class-effect of PAN-selective PDE4 inhibition in mice. It is well
established that activation of M3-muscarinic acetylcholine receptors (M3-AChR) or βadrenoceptors may induce salivation via central effects and/or by acting directly on
salivary gland cells. Indeed, treatment with the M3-mAChR agonist Pilocarpine induced
visible salivation in the mice that was blunted by treatment with the muscarinic
acetylcholine receptor (mAChR) antagonist Atropine, whereas the β-adrenoceptor agonist
Isoprenaline induced salivation that was sensitive to treatment with the β-blocker
Propranolol (Fig. 10D). Intriguingly, salivation induced by treatment with two
structurally-distinct PDE4 inhibitors, Rolipram and RS25344 (see formulas in Fig. 10C),
was ablated by blockade of either β-adrenoceptor signaling or mAChR signaling (Fig.
10E), suggesting that PDE4 inhibitor-induced salivation requires both receptor pathways.
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Fig. 10. Salivation is a class effect of PAN-selective PDE4 inhibitors in mice.
Male C57Bl6 mice were injected intraperitoneally with distinct PDE inhibitors, the M3
muscarinic receptor agonist Pilocarpine (Pilo, 1 mg/kg), the β-adrenoceptor agonist
Isoprenaline (Iso, 1 mg/kg) or solvent controls (Mock). Mice were scored at 10, 20 and
30 min after drug injection as either “1” elevated/abnormal salivation, or “0” no
elevated/abnormal salivation and the sum of the three scores is reported for each mouse.
(A/B) Representative images of the same mouse shortly before drug injection showing no
abnormal salivation (A) and at 10 min after treatment with the PDE4 inhibitor RS25344
(1 mg/kg) (B) exhibiting abnormal drug-induced salivation. (C) Mice were injected with
the PAN-PDE4 inhibitors Rolipram, Roflumilast, Piclamilast/RP73401, or RS25344 (all
1 mg/kg, i.p.), the PDE3 inhibitor Cilostamide (1 mg/kg) or solvent and salivation was
scored three times at 10, 20 and 30 min after drug injection. Treatment with any PDE4
inhibitor produced salivation, whereas inhibition of PDE3 did not. (D/E) 30 min after
pre-treatment with the mAchR blocker Atropine at a dose of 1 mg/kg (Atr) or 5 mg/kg
(Atr(5)), the β-adrenoceptor blocker Propranolol (Prop, 5 mg/kg, i.p.) or solvent control
(Mock), mice were injected with the M3 muscarinic receptor (M3R) agonist Pilocarpine
(Pilo, 1 mg/kg) or the β-adrenoceptor (βAR) agonist Isoprenaline (Iso, 1 mg/kg) (D), or
the PDE4 inhibitors Rolipram (1 mg/kg) or RS25344 (1 mg/kg) (E), and salivation was
scored at 10, 20 and 30 min after drug injection. Salivation induced by M3R agonism was
ablated by Atropine, but not Propranolol. Salivation induced by Isoprenaline was
selectively ablated by Propranolol, but unaffected by Atropine. Salivation induced by
PDE4 inhibitors Rolipram or RS25344 was ablated by treatment with either Propranolol
or Atropine, suggesting that both β-adrenergic and muscarinic signaling mediate PDE4
inhibitor-induced salivation. Data represent the mean ± SEM. Statistical significance was
determined using Kruskal-Wallis and Dunn’s post hoc tests and is indicated as # (not
significant; p>0.05), * (p<0.05), ** (p<0.01) and *** (p<0.001).
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In mice and other mammals, saliva is produced by three main glands, the submandibular
gland (SMG), the sublingual gland (SLG), and the parotid gland (PG), as well as a
multitude of smaller glands114. To assess the relative expression of PDE4 in these tissues,
we measured cAMP-PDE activity in detergent extracts prepared from these glands in the
presence or absence of the PDE4 inhibitor Rolipram (10 µM) in vitro. As shown in Fig.
11, PDE4 activity, defined as a fraction of cAMP-PDE activity inhibited by the
archetypal PDE4 inhibitor Rolipram, contributes a major portion of total cAMP-PDE
activity in each of these glands. This indicates that PDE4 inhibitor-induced salivation
may result, at least in part, from direct action of PDE4 inhibitors in the gland cells, rather
than exclusively from indirect effects, such as from PDE4 inhibition in sensory- or
central nervous system components of salivary regulation.
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Figure 11. PDE4 contributes the majority of cAMP-PDE activity in mouse salivary
glands.
Detergent extracts prepared from submandibular (SMG), sublingual (SLG), and parotid
(PG) salivary glands were subjected to in vitro cAMP-PDE activity assays in the
presence or absence of the PDE4 inhibitor Rolipram (10 µM). Total cAMP-PDE activity
is defined as the rate of cAMP hydrolysis measured in the absence of Rolipram, whereas
PDE4 and non-PDE4 activity are defined as the fraction of total activity that is either
inhibited or that is insensitive to inhibition by Rolipram, respectively. All data represent
the mean ± SEM. In the scatter plot, each dot represents a gland isolated from a different
animal (n=3)
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3.3.2 In Anesthetized Mice, PDE4 Inhibition Potentiates Saliva Production Induced
by β-adrenoceptor-, but Not Muscarinic Receptor Stimulation
We next aimed to quantify glandular saliva production in response to PDE4
inhibitor treatment. To this end, mice were anesthetized using Ketamine/Xylazine and
saliva production was assessed by the weight increase of thin filter paper strips that were
placed in the mouths of mice for 10 min at a time (see representative image in Fig. 12A).
If PDE4 inhibitors were injected as soon as the animal was unconscious (3-5 min after
Ketamine/Xylazine; see timeline in Fig. 12B), highly variable rates of saliva production
were observed (Fig. 12D and two left bars of Fig. 12E). In some mice, PDE4 inhibition
hardly induced any saliva production over solvent controls, whereas in others, a
substantial saliva production was induced. Conversely, if PDE4 inhibitor administration
was delayed until 15 min after induction of anesthesia (see timeline in Fig. 12C),
responses were more consistent, but PDE4 inhibition produced only a miniscule increase
in saliva production over solvent controls (two right bars in Fig. 12E). Our interpretation
of this finding is that inhibition of neuronal activity during deep anesthesia ablates a
neurotransmitter signal that is required for, and that is amplified by PDE4 inhibition in
awake mice. Given that blockade of β-adrenoceptor- or mAChR-signaling ablated PDE4
inhibitor-induced salivation in awake mice, we thus further explored these two pathways.
Treatment with the β-agonist Isoprenaline (Iso) dose-dependently induced salivation in
deeply anesthetized mice that plateaued at ~4 mg/g/h (Fig. 13A and B).
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Figure 12. Measurement of saliva production in anesthetized mice.
(A) A representative image of the approach to measure saliva production. (B/C)
Approach of measuring saliva production with PDE4 inhibitor injection following either
3-5 min (B) or 15 min (C) after Ketamine/Xylazine anesthesia. In the shortened timeline
(B), mice were put on their sides as soon as they became unconscious (3-5 min after
Ketamine/Xylazine), their mouth was wiped with a tissue to remove baseline saliva,
followed by injection of PDE4 inhibitor or solvent and immediate placement of the first
of 6 pre-weighed filter paper strips. In the longer timeline (C), mice were placed on their
side at 5 min after Ketamine/Xylazine, their mouth was wiped and a filter strip was
placed in their mouths for 10 min to absorb baseline saliva. Ten min later, this filter strip
was discarded, PDE4 inhibitors or other drugs were injected, followed by placement of
the first pre-weighed filter. (D) Mice treated with the PDE4 inhibitor Rolipram (1 mg/kg,
i.p.) immediately after achieving anesthetic plane (3-5 min after Ketamine/Xylazine
injection; see (B)) exhibit variable rates of saliva production over an hour, with some
mice producing substantial saliva, whereas others do not show elevated production. (E)
PDE4 inhibitor-induced saliva production depends on the timing of drug injection.
Shown is total saliva production after i.p. injection of the Rolipram (Roli; 1 mg/kg) or
solvent as soon as animals are anesthetized by Ketamine/Xylazine (3-5 min; left two
bars), or if the drugs were injected at 15 min after Ketamine/Xylazine. Data represent the
mean ± SEM. In scatter plots, each dot represents a different mouse. Statistical
significance was determined using Mann-Whitney test with 95% confidence interval and
is indicated as * (p<0.05).
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Figure 13. PDE4 inhibition potentiates β-adrenoceptor-dependent salivation in
anesthetized mice.
Fifteen minutes after Ketamine/Xylazine-anesthesia, mice were injected i.p. with the
indicated drugs and saliva production was measured for 60 min. (A) Dose-dependent
induction of salivation by the β-adrenoceptor agonist Isoprenaline (Iso). (B) Cumulative
saliva production induced by distinct doses of Iso (n=5) compared to solvent (Mock)
control. (C) Potentiation of salivation in the presence of low-dose Iso (0.01 mg/kg) is
induced by PDE4 inhibitors Rolipram, Roflumilast, Piclamilast/RP73401, and RS25344
(all 1 mg/kg), suggesting a class-effect these drugs. (D) Total saliva produced in 60 min
by distinct doses of Rolipram with low-dose Iso (0.01 mg/kg). (E) With of low-dose Iso
(0.01 mg/kg), Rolipram (Roli; n=6) dose-dependently induces significant saliva
production. (F) Total saliva production in mice treated with the muscarinic agonist
Pilocarpine (Pilo; 1 mg/kg) with or without the mAChR blocker Atropine (Atr; 5 mg/kg).
(G) Pilo (1 mg/kg; n=5) induces substantial salivation that is ablated by pretreatment with
Atropine (Atr; 5 mg/kg; p<0.001). (H) Co-treatment with Rolipram does not enhance
saliva production induced by low-dose Pilo (0.2 mg/kg). (I) Pretreatment with the βblocker Propranolol (Prop; 5 mg/kg), but not Atropine (Atr, 5 mg/kg) prevents salivation
induced by Roli (1 mg/kg) in the presence of low-dose Iso (0.01 mg/kg). (J) Pretreatment with the Prop (5 mg/kg), but not Atr (5 mg/kg) prevents salivation induced by
high-dose Iso (1 mg/kg; n=5) (K) Time course of saliva production in mice treated with
Rolipram (Roli; 1 mg/kg) and/or low-dose Iso (0.01 mg/kg). Some mice were pre-treated
with the Propranolol (Prop; 5 mg/kg) or Atr (5 mg/kg) at 30 min prior to Iso/Roli
injection).All data represent the mean ± SEM. In scatter plots, each dot represents a
different mouse. For total saliva production shown in bar graphs, statistical significance
was determined using Kruskal-Wallis and Dunn’s post hoc tests; for time courses, twoway ANOVA and Bonferroni’s post hoc tests were used. Statistical significance is
indicated as # (not significant; p>0.05), * (p<0.05), ** (p<0.01), and *** (p<0.001).

49

In the presence of a low dose of Isoprenaline (0.01 mg/kg), which by itself did not induce
significant salivation, co-treatment with the PDE4 inhibitor Rolipram produced a
substantial potentiation of saliva production in a dose-dependent manner (Fig. 13D/E).
Potentiation of β-agonist-dependent salivation in mice was replicated by distinct PDE4
inhibitors, including Roflumilast, Piclamilast, or RS25344, confirming it as a class effect
of PAN-PDE4 inhibitors (Fig. 13C). Moreover, β-agonist-dependent salivation in
anesthetized mice was ablated by treatment with the β-blocker Propranolol, whereas
blockade of mAChR signaling with Atropine had no effect (Fig. 13I-K). Treatment with
the M3-mAChR agonist Pilocarpine produced substantial saliva production in
Ketamine/Xylazine-anesthetized mice, that was ablated by Atropine (Fig. 13 F/G).
However, contrary to β-adrenergic stimulation, salivation induced by a low/submaximal
dose of Pilocarpine was not further enhanced by co-treatment with the PDE4 inhibitor
Rolipram (Fig. 13H). Taken together, these data suggest that under conditions of
neuronal depression induced by anesthesia, direct inhibition of PDE4 in the salivary
glands does not produce significant salivation by itself (Fig. 13E), but potently enhances
salivation induced by minimal activation of receptors that lead to increased cAMP
production (e.g. β-adrenoceptors) (Fig. 13E). Conversely, salivation induced by mACh
receptors that couple to Gq and intracellular calcium release (e.g. M3-AChR) is not
potentiated by PDE4 inhibition in anesthetized animals (Fig. 13K).
Prior reports have suggested some sex-differences in the amount of saliva produced in
mice122. While male mice were primarily used throughout this study, we have repeated
critical findings using female C57BL/6 mice and observed a similar pattern of
spontaneous salivation after PDE4 inhibitor treatment in awake mice (Fig. 14A), and a
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substantial potentiation of salivation in the presence of low-dose Isoprenaline in
anesthetized mice (Fig. 14 B/C).

Figure 14. Treatment with PAN-PDE4 inhibitors induces salivation in female mice.
(A) Female C57BL/6 mice were treated (i.p.) with the PAN-PDE4 inhibitor RS25344 (1
mg/kg, n=12) or solvent control (Mock, n=12) and salivation was scored at 10, 20, and 30
min later. The number of positive salivation scores out of the three scorings performed is
reported for each animal. (B/C) Fifteen minutes after induction of Ketamine/Xylazineanesthesia, female C57BL/6 mice were injected (i.p.) with the β-adrenoceptor agonist
Isoprenaline (Iso, 0.01 mg/kg) either by itself (n=6), or in combination with the PANPDE4 inhibitor Rolipram (Roli, 1 mg/kg, n=5), and saliva production was measured for
the next 60 min. Shown is time course of saliva production (B), or the total amount of
saliva produced in 1 h (C), in response to Iso/Roli. Data represent the mean ± SEM. In
scatter plots, each dot represents a different animal. Statistical significance was
determined using Mann-Whitney test with 95% confidence interval (A/C) or using twoway ANOVA and Bonferroni’s post hoc test (B) and is indicated as * (p<0.05), **
(p<0.01), and *** (p<0.001).

3.3.3 PDE4 inhibitor-induced salivation is CFTR-dependent
Prior reports indicated that β-adrenoceptor-dependent salivation in mice is
dependent upon, and proportional to cystic fibrosis transmembrane conductance regulator
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(CFTR) function120, 122. Thus, the cAMP/PKA-mediated activation of CFTR current
likely gates β-adrenoceptor-induced salivation. To assess whether PDE4 inhibitorinduced salivation is dependent upon functional CFTR, and may reflect a cAMP/PKAmediated activation of the channel, we explored salivation in mice homozygous for the
common cystic fibrosis mutation ΔF508-CFTR, which do not express functional CFTR.
As shown in Fig. 15A, PDE4-inhibitor induced salivation observed in awake wild-type
mice was significantly reduced in homozygous ΔF508-CFTR mice. In addition,
anesthetized homozygous ΔF508-CFTR mice did not produce any measurable saliva
levels in response to β-adrenergic stimulation with Isoprenaline, nor to co-treatment with
Isoprenaline and the PDE4 inhibitor Rolipram, compared to heterozygous mice (Fig.
15B-D).
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Fig. 15. PDE4 inhibitor-induced salivation is CFTR-dependent.
Fifteen minutes after induction of Ketamine/Xylazine-anesthesia, mice were injected i.p.
with the β-adrenoceptor agonist Isoprenaline (Iso; 1 mg/kg), the PDE4 inhibitor Rolipram
(Roli; 1 mg/kg), or the muscarinic receptor agonist Pilocarpine (Pilo; 1 mg/kg) and saliva
production was measured for the next 60 min. (A) Homozygous ΔF508-CFTR mice
(CFTRΔF508/ΔF508), which lack functional CFTR, or wildtype controls (CFTRWT/WT) were
injected with the PAN-PDE4 inhibitor RS25344 (1 mg/kg; i.p.) and animals were scored
at 10, 20, and 30 min after drug injection for abnormal salivation by an experimenter
blinded to the treatments. The sum of positive salivation scores for the three scorings
performed is reported for each mouse. (B) Fifteen minutes after induction of
Ketamine/Xylazine-anesthesia, mice were injected with the β-adrenoceptor agonist
Isoprenaline (Iso; 1 mg/kg), the PDE4 inhibitor Rolipram (Roli; 1 mg/kg), or the
muscarinic receptor agonist Pilocarpine (Pilo; 1 mg/kg) and saliva production was
measured for the next 60 min. Saliva production in response to Iso in mice heterozygous
for the ΔF508-CFTR mutation (CFTRWT/ΔF508) was slightly reduced compared to
wildtype mice (see Fig. 3A). Conversely, neither Iso by itself, nor combination treatment
with Iso and Roli induced significant saliva production in homozygous ΔF508-CFTR
mice (CFTRΔF508/ΔF508). However, saliva production in response to the muscarinic agonist
Pilocarpine (Pilo; 1 mg/kg) is preserved in homozygous ΔF508-CFTR mice. (C) Saliva
production in response to Iso in mice heterozygous for the ΔF508-CFTR mutation
(CFTRWT/ΔF508) was slightly reduced compared to wildtype mice (see Fig. 4A) but was
completely ablated in homozygous ΔF508-CFTR mice (CFTRΔF508/ΔF508) which lack
functional CFTR. (D) Saliva production in response to combination treatment with Iso
and Roli is also ablated in homozygous ΔF508-CFTR mice. (E) Saliva production in
response to the muscarinic agonist Pilocarpine is preserved in homozygous ΔF508-CFTR
mice compared to heterozygous controls. All data represent the mean ± SEM. Statistical
significance was determined using two-way ANOVA and Bonferroni’s post hoc tests and
is indicated as # (not significant; p>0.05), and *** (p<0.001). For A/B, statistical
significance was determined using Mann-Whitney test with 95% confidence interval (A)
or Kruskal-Wallis followed by Dunn’s post hoc test (B) and is indicated as # (not
significant; p>0.05), * (p<0.05), and ** (p<0.01).
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Conversely, treatment with the M3-agonist Pilocarpine induced comparable levels of
saliva production in both heterozygous and homozygous ΔF508-CFTR mice (Fig. 15E).
These data indicate that potentiation of the cAMP/PKA-mediated activation of CFTR is
one mechanism whereby PDE4 inhibition induces salivation.
3.3.4 PDE4 inhibitor-induced salivation results from the concurrent inactivation of
multiple PDE4 subtypes.
The PDE4 family comprises four subtypes, PDE4A, PDE4B, PDE4C, and
PDE4D, and each have been shown to play unique roles in the body. To discern whether
one of the four PDE4 subtypes exerts a predominant role in the regulation of salivation,
we assessed salivation in systemic/global PDE4-KO mice for each of the four PDE4
subtypes. Visual scoring of the mice revealed that none of the four PDE4-KO mouse
lines replicated the abnormal salivation induced by treatment with PAN-PDE4 inhibitors
(no positive salivation scores in n=8 for each line). Measurement of saliva production in
anesthetized mice produced a similar pattern. In the presence of low-dose Isoprenaline,
none of the four PDE4KO mouse lines replicated the substantial amount of saliva
produced by injection with a PDE4 inhibitor (Rolipram; 1 mg/kg), nor did ablation of any
PDE4 subtype protect the animals from salivation induced by treatment with the PDE4
inhibitor Rolipram (Fig. 16A). That none of the PDE4KO mouse lines replicates the
amount of saliva produced by injection of a PAN-PDE4 inhibitor, nor is protected from
the effect of PDE4 inhibitor, suggests that PDE4 inhibitor-induced salivation results from
the concurrent inhibition of multiple (at least two) PDE4 subtypes. Saliva production in
PDE4D-KO mice, while clearly minor compared to the effect of PAN-PDE4 inhibitor
treatment, trended to be higher compared to wild-type controls in mice treated with 0.01
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mg/kg Iso, and was significantly increased over wild-type controls in mice treated with
the higher dose of 0.04 mg/kg Iso (Fig. 16B). These data suggest that PDE4D, while not
the sole PDE4 subtype involved, is likely the primary, or at least one of the PDE4
subtypes involved in the direct regulation of saliva secretion in the salivary glands of
mice.
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Figure 16. PAN- but not subtype-selective PDE4 inactivation induces salivation.
Fifteen minutes after induction of Ketamine/Xylazine-anesthesia, mice were injected
with the PDE4 inhibitor Rolipram (1 mg/kg) and/or the β-adrenoceptor agonist
Isoprenaline (Iso; 0.01 mg/kg in (A), 0.04 mg/kg in (B)) and saliva production was
measured for the next 60 min. (A) Shown is the total amount of saliva produced within
60 min of drug injection in mice deficient in PDE4A (4AKO), PDE4B (4BKO), PDE4C
(4CKO) or PDE4D (4DKO), or in wildtype (WT) controls. There were no significant
differences (p>0.05) in saliva production between any PDE4-KO mice and wild type
controls after treatment with either Iso or after treatment with Iso+Roli. Conversely,
treatment with Iso+Roli produced significantly more saliva than treatment with Iso alone
(p<0.001) in any of the PDE4-KO lines or in wild type controls. (B) Cumulative saliva
secretion in PDE4D-KO mice and wildtype littermates in response to injection of 0.04
mg/kg Iso. All data represent the mean ± SEM. In scatter plots, each dot represents a
different animal. For total saliva production shown in bar graphs, statistical significance
was determined using Kruskal-Wallis and Dunn’s post hoc tests; for time courses, twoway ANOVA and Bonferroni’s post hoc tests were used. Statistical significance is
indicated as * (p<0.05).
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3.4 Discussion

3.4.1 Inducing salivation is a class effect of PAN-PDE4 inhibitors in mice.
We report here that inhibition of PDE4, but not inhibition of PDE3, stimulates
elevated saliva production in mice, as detected by observational scoring (Fig. 10A-C) or
by measuring saliva secretion rates in anesthetized mice (Fig. 14C). Salivation is dosedependently induced by the archetypal PDE4 inhibitor Rolipram (Fig. 14B) as well as
several other, structurally-distinct PAN-PDE4 inhibitors, including Roflumilast,
Piclamilast or RS25344 (all 1 mg/kg i.p.; Figs. 10C and 14C), suggesting that salivation
is a class-effect of PDE4 inhibition in mice. While not mechanistically explored,
salivation has been noted previously during toxicity studies of PDE4 inhibitors in rat123
and dog124, as well as monkeys125-126, suggesting the effect may be conserved among
mammalian species. Thus, if it extends to humans, our findings may suggest a therapeutic
potential of PDE4 inhibition for conditions associated with salivary gland hypofunction
and xerostomia.
The PDE4 family comprises four subtypes, PDE4A to PDE4D, that each have
been shown to exert distinct and non-overlapping physiological and pathophysiological
roles11, 30. We show here that selective ablation of any of the four individual PDE4
subtypes in mice does not replicate the substantial salivation observed by PAN-PDE4
inhibitor treatment, suggesting that inactivation of several (at least two) distinct PDE4
subtypes is required for maximal stimulation of salivation (Fig. 16A). While significantly
less efficacious than PAN-PDE4 inhibition, genetic deletion of PDE4D in mice does
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significantly increase saliva production compared to wild-type littermates (Fig. 16A/B),
suggesting that PDE4D is one of the PDE4 subtypes that affect salivation; perhaps even
the most critical one.
Individual PDE4 subtypes are distinguished by a multitude of unique posttranslation regulations as well as the differential recruitment in distinct subcellular
compartments and macromolecular signaling complexes. As a result, individual PDE4
subtypes mediate distinct functions even if expressed in the same cell. Thus, PDE4
inhibition may induce salivation by inhibiting several (or the same) PDE4 subtype(s)
located in distinct cell types, and inactivation producing salivation via physiologic
additivity or synergism. But salivation may also be produced by inactivation of several
PDE4 subtypes in the same cell, thereby leading to additive/synergistic effects in
elevating intracellular cAMP/PKA signaling in salivary gland cells.
Given that the expression of several PDE4 isoforms has been shown to be cAMP
responsive127-129, it is theoretically possible that the actual effect/impact of ablating one of
the four PDE4 subtypes on salivary secretion (see Fig. 16) may be partly obscured by
compensatory changes in expression of other PDE4 isoforms. We consider this less likely
given the large body of data suggesting that PDEs are functionally not interchangeable,
and because such compensatory changes in PDE4 expression were not observed in other
primary cells or tissues of PDE4-KO mice11. Nevertheless, the possibility of
compensatory changes in PDE isoform expression or activity in the salivary glands of the
different PDE4-KO mouse lines remains to be explored in future studies.
Development of subtype-selective PDE4 inhibitors is a promising approach to retain the
many therapeutically beneficial effects of the PAN-PDE4 inhibitors available to date (e.g.
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anti-inflammatory, memory/cognition-enhancing) while alleviating their common side
effects, mainly nausea and emesis. Thus, PDE4D should be the primary target for future
development of subtype-selective PDE4 inhibitors to induce salivation.
Given a lack of highly subtype-selective PDE4 inhibitors, it remains unclear
which PDE4 subtypes mediate the adverse effects of PAN-PDE4 inhibitors in humans. A
prior report revealed that genetic ablation of PDE4D shortens the duration of
xylazine/ketamine-induced anesthesia in mice73, thus replicating the effects of PANPDE4 inhibitors in this paradigm, which has been proposed as a correlate of nausea and
emesis in species that are anatomically unable to vomit (e.g. mice/rats). If this model
were an accurate predictor of the role of PDE4D in mediating the adverse effect of PANPDE4 inhibitors, it would be challenging to derive any therapeutic benefits from the
inhibition of PDE4D, including the mitigation of hyposalivation. However, while the
xylazine/ketamine-anesthesia test is a reliable measure of α2-adrenoreceptor antagonism,
it does have limitations as a predictor of emetic potential as reviewed recently85.
Moreover, at least one study has shown that inhibitors with some selectivity for PDE4D
exhibited reduced vomiting compared to PAN-PDE4 inhibitors in several species112. And
finally, using gastric retention as an alternative correlate of nausea and emesis in mice, a
recent report suggested that it is the concurrent inhibition of multiple PDE4 subtypes that
is responsible for the adverse effects of PAN-PDE4 inhibitors19. Thus, in our opinion, the
association of individual PDE4 subtypes with emesis and/or nausea remains inconclusive.
3.4.2 Distinguishing central and direct effects of PDE4 inhibition on salivation.
While inhibition of PDE4 promotes salivation in both awake (Fig. 10) and anesthetized
mice (Fig. 14), there are some differences in the molecular mechanisms involved. First,

59

in awake mice, treatment with PDE4 inhibitors induced substantial salivation by itself
(Fig. 10A-C), whereas in deeply anesthetized mice, salivation induced by PDE4
inhibition per se is minor (see Fig. 12E) and inducing substantial levels of PDE4
inhibitor-induced salivation requires priming with low doses of a β-agonist (Fig. 13D/E).
Second, PDE4 inhibitor-induced salivation in awake mice is dependent upon both
muscarinic- and β-adrenergic signaling, given it is blocked by either Atropine or
Propranolol (Fig. 10E), whereas PDE4 inhibition potentiates β-adrenoceptor-dependent
salivation in anesthetized mice, but has no effect on M3-dependent salivation (Fig. 13I).
Given that anesthesia principally involves the inhibition of neuronal activity, it is
tempting to speculate that PDE4 inhibitor-induced salivation in anesthetized mice results
directly from PDE4 inhibition in salivary glands and not from effects on neuronal
regulation of salivation (see scheme in Fig. 17). The fact that PDE4 contributes the major
portion of total cAMP-hydrolytic capacity in all three major salivary glands (Fig. 11)
supports this notion. And indeed, a prior study has shown that inhibition of PDE4
promoted the release of amylase from parotid acinar cells in culture130, which is
consistent with the notion that β-adrenoceptor- and cAMP-dependent saliva secretions
are rich in protein114-115. Conversely, we propose that in awake mice, PDE4 inhibition may
induce salivation via additional, central/neuronal regulations, in line with the high
expression of PDE4 in brain18 and the fact that PDE4 inhibition has been shown to affect
other autonomic nervous system regulations including control of body temperature or
gastrointestinal motility19,24. In an intriguing parallel, although the most widely used drug
to induce salivation, Pilocarpine, can induce salivation by acting directly on the salivary
glands (see Fig. 13F/G), the drug may yet mediate its pronounced effect on salivation
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largely via central mechanisms. This is supported by the observation that
intracerebroventricular (i.c.v) injection of Pilocarpine induces salivation in rats131-132, and
that vice versa, lesions in the medial preoptic area and the lateral hypothalamus, or i.c.v.injection of muscarinic blocker Atropine, impair salivation is response to peripheral
Pilocarpine133-135. Curiously, central α2-adrenoceptor agonism has been shown to inhibit
the central actions of Pilocarpine on salivation136-138. Given that PAN-PDE4 inhibitors act
as potent, physiologic α2-adrenoceptor blockers in mammals73,82,84, it is possible that in
awake mice, PDE4 inhibition mediates salivation by releasing a central, α2-adrenoceptordependent inhibition of muscarinic signaling, which may explain why Atropine is
effective in ablating PDE4 inhibitor-induced salivation in awake mice (Fig. 13G).
Furthermore, and in light of the observation that muscarinic stimulation has been shown
to increase cGMP signaling in rabbit parotid acinar cells139, the role of PDE families
other than PDE3 and PDE4, as well as the role of cGMP signaling in the regulation of
saliva secretion remain to be explored.
3.4.3 PDE4, CFTR, and Cystic Fibrosis
β-agonist-induced saliva production in mice has been shown to be gated by CFTR
in the salivary glands and be dependent upon both expression level and the cAMP/PKAmediated activation of the channel120,122 (Fig. 17). The rate of β-adrenoceptor-induced
saliva secretion has thus been proposed as a suitable in vivo correlate of CFTR function
in mice, given that mice do not sweat, and the classical sweat-chloride test that is used to
assess CFTR function in humans, cannot be applied. On this basis, our study is also the
first report that inhibition of PDE4, but not inhibition of PDE3, stimulates CFTR function
in an in vivo model (Fig. 17). The critical role of PDE4 in regulating CFTR function in
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salivary glands aligns with prior reports identifying PDE4 as the predominant PDE
family regulating CFTR function in airway, intestinal, and renal epithelial cells27,28,140-142.
Activation of PDE4 using small-molecule allosteric activators has thus been proposed as
a therapeutic approach to alleviate the cAMP/PKA-mediated hyperactivation of CFTR
and its associated cyst formation in models of autosomal dominant polycystic kidney
disease (ADPKD)142. Conversely, inhibition of PDE4, which is widely expressed
throughout the cells of the bronchi and lung parenchyma143, has been shown to activate
CFTR in non-CF as well as ΔF508-CFTR human bronchial airway epithelial cells in
culture 27, thus confirming PDE4 as a promising target to potentiate the effects of CFTR
correctors and potentiators to restore CFTR function in CF patients. In this context, it is
worth noting that several prior reports suggested a predominant role for the PDE4
subtype PDE4D in controlling CFTR activity in both airway and intestinal epithelial
cells27,140-141,144. In line with our finding of a pre-eminent, but not exclusive role of
PDE4D in controlling β-adrenoceptor- and CFTR-dependent salivation (Figs. 14 and 17),
these data suggest that PDE4D may serve a conserved role in controlling CFTR function
across various cells and tissues throughout the body, and that targeting PDE4D may thus
serve to alleviate CFTR hypofunction.
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3.5 Conclusions

3.5.1 Targeting PDE4 in settings of salivary gland hypofunction.
There remains a critical need for effective treatments for salivary gland hypofunction,
particularly for patients presenting with severe symptoms such as in Sjögren’s syndrome.
While the parasympathomimetics Pilocarpine and Cevimeline are widely prescribed, their
use can be limited by significant side effects resulting directly from their muscarinic
agonism, and they certainly cannot be prescribed if xerostomia is the result of anticholinergic medications to begin with114-115. Thus, inhibition of PDE4/PDE4D may
represent a novel therapeutic approach for xerostomia, particularly since in awake mice,
inhibition of PDE4 in the brain (Fig. 10E) and inhibition of PDE4 in salivary glands (Fig.
11) appear to synergize in the induction of salivation (Fig. 17). In addition, while not
measured here, the composition of saliva produced by muscarinic activation or PDE4
inhibition is expected to be distinct, and the effects of both treatments may thus be
complementary. Muscarinic activation (e.g. with Pilocarpine) is well-known to produce
large volumes of watery saliva with low protein content, thus principally ameliorating
hydration of the oral mucosa. Conversely, saliva produced upon β-adrenergic stimulation
(and thus likely also upon PDE4/PDE4D inhibition) is high in protein content and may be
better suited to ameliorate deficits in food digestion or innate defense that are associated
with salivary gland hypofunction. Indeed, a prior report has shown that PDE4 inhibition
potentiates the β-adrenoceptor-dependent release of amylase from parotid glands in
vitro130. Moreover, underlining the significance of saliva produced upon β-adrenergic-,
cAMP- and CFTR-dependent salivation, an increased incidence of dental caries has been
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reported in ΔF508-CFTR cystic fibrosis mice, which lack functional CFTR145. Finally,
although the causes of salivary gland dysfunction are varied, there is often an
inflammatory component. This is obvious in Sjögren’s syndrome, an autoimmune disease,
but also in salivary gland dysfunction caused by infections, diabetes or ageing. Targeting
PDE4, particularly the PDE4 subtypes PDE4B and PDE4D44, 46-47,108, is well established to
exert broad-spectrum anti-inflammatory properties and to dampen both innate and
adaptive immune responses. Therefore, in addition to stimulating salivary secretions, thus
alleviating the symptoms of salivary gland hypofunction, PDE4 may also exert
therapeutic benefits by alleviating the inflammatory responses that cause salivary gland
dysfunction.
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Figure 17. Scheme illustrating the role(s) of PDE4 in the regulation of salivation.
The scheme illustrates the known mechanisms of autonomic nervous system control and
the intracellular signaling events that mediate saliva secretion, as well as the potential
role(s) of PDE4 in inducing salivation. As shown within the blue rectangle representing
the salivary glands, direct stimulation of glandular Gq-coupled receptors, such as M3muscarinic acetylcholine receptors (M3R) or α1-adrenergic receptors (α1AR), and the
subsequent rise in intracellular Ca2+ mediates the release of high volumes of watery
saliva that is dependent upon activation of the calcium-activated chloride channel
TMEM16A146-147. In addition, stimulation of intracellular cAMP signaling, such as upon
activation of β-adrenergic receptors (βAR), promotes saliva secretion via a pathway
dependent upon the cAMP/PKA-activation of the anion channel CFTR120,122. Under
conditions of inhibited neuronal signaling due to Ketamine/Xylazine-induced anesthesia,
only the events shown below the red striated line are detected. Under these conditions,
inhibition of PDE4/PDE4D selectively potentiates a β-adrenoceptor-, cAMP-, and CFTRdependent saliva secretion (Fig. 13B/C), which is completely ablated in homozygous
ΔF508-CFTR mice (Fig. 15B), that lack functional CFTR, or by treatment with the βblocker Propranolol (Fig. 13D). On the other hand, in anesthetized mice, PDE4 inhibition
does not affect salivation induced by the direct action of the M3R agonist Pilocarpine on
salivary glands. However, in awake/conscious mice, inhibition of PDE4 induces
salivation via an additional, central/neuronal mechanism that remains to be defined and
may involve the sympathetic autonomic nervous system (SANS), the parasympathetic
autonomic nervous system (PANS), or the central nervous system (CNS) , but is ablated
by Atropine (Fig. 10E), and only partially dependent upon CFTR (Fig. 15A).

65

REFERENCES

1.

Brand T, Schindler R. New kids on the block: the Popeye domain containing
(POPDC) protein family acting as a novel class of cAMP effector proteins in
striated muscle. Cell Signal. 2017;40:156-65.

2.

Beavo JA, Conti M, Heaslip RJ. Multiple cyclic nucleotide phosphodiesterases.
Mol Pharmacol. 1994;46(3):399-405.

3.

Iona S, Cuomo M, Bushnik T, Naro F, Sette C, Hess M, Shelton ER, Conti M.
Characterization of the rolipram-sensitive, cyclic AMP-specific
phosphodiesterases: identification and differential expression of immunologically
distinct forms in the rat brain. Mol Pharmacol. 1998;53(1):23-32.

4.

Conti M, Jin SL. The molecular biology of cyclic nucleotide phosphodiesterases.
Prog Nucl Acid Res Mol Biol. 1999;63:1-38.

5.

Alvarez R, Sette C, Yang D, Eglen RM, Wilhelm R, Shelton ER, Conti M.
Activation and selective inhibition of a cyclic AMP-specific phosphodiesterase,
PDE4D3. Mol Pharmacol. 1995;48(4):616-22.

6.

Jin SL, Richard FJ, Kuo WP, D'Ercole AJ, Conti M. Impaired growth and fertility
of cAMP-specific phosphodiesterase PDE4D-deficient mice. Proc Natl Acad Sci
U S A. 1999;96(21):11998-2003.

7.

Grange M, Sette C, Cuomo M, Conti M, Lagarde M, Prigent AF, Némoz G. The
cAMP-specific phosphodiesterase PDE4D3 is regulated by phosphatidic acid
binding. Consequences for cAMP signaling pathway and characterization of a
phosphatidic acid binding site. J Biol Chem. 2000;275(43):33379-87.

66

8.

D'Sa C, Tolbert LM, Conti M, Duman RS. Regulation of cAMP-specific
phosphodiesterases type 4B and 4D (PDE4) splice variants by cAMP signaling in
primary cortical neurons. J Neurochem. 2002;81(4):745-57.

9.

Jin SL, Conti M. Induction of the cyclic nucleotide phosphodiesterase PDE4B is
essential for LPS-activated TNF-α responses. Proc Natl Acad Sci U S A.
2002;99(11):7628-33.

10. Richter W, Jin SL, Conti M. Splice variants of the cyclic nucleotide
phosphodiesterase PDE4D are differentially expressed and regulated in rat tissue.
Biochem J. 2005;388(Pt 3):803-11.
11. Jin SLC, Richter W, Conti M. Insights into the physiological functions of PDE4
from knockout mice. In: Beavo JA, Francis SH, Houslay MD, eds. Cyclic
Nucleotide Phosphodiesterases in Health and Disease. CRC Press; 2007:323-46.
12. Zhang HT, Huang Y, Jin SL, Frith SA, Suvarna N, Conti M, O’Donnell JM.
Antidepressant-like profile and reduced sensitivity to rolipram in mice deficient in
the PDE4D phosphodiesterase enzyme. Neuropsychopharmacology.
2002;27(4):587-95.
13. Conti M, Richter W, Mehats C, Livera G, Park JY, Jin C. Cyclic AMP-specific
PDE4 phosphodiesterases as critical components of cyclic AMP signaling. J Biol
Chem. 2003;278(8):5493-6.
14. Bolger GB, Conti M, Houslay MD. Cellular functions of PDE4 enzymes. In:
Beavo JA Francis SH, Houslay MD, eds. Cyclic Nucleotide Phosphodiesterases in
Health and Disease. CRC Press; 2007:99-130.
15. Baillie GS, MacKenzie SJ, McPhee I, Houslay MD. Sub-family selective actions
in the ability of Erk2 MAP kinase to phosphorylate and regulate the activity of
PDE4 cyclic AMP-specific phosphodiesterases. Br J Pharmacol.
2000;131(4):811-9.
16. Zhang HT, Crissman AM, Dorairaj NR, Chandler LJ, O'Donnell JM. Inhibition of
cyclic AMP phosphodiesterase (PDE4) reverses memory deficits associated with
NMDA receptor antagonism. Neuropsychopharmacology. 2000;23(2):198-204.

67

17. Zhang HT, Huang Y, Masood A, Stolinski LR, Li Y, Zhang L, Dlaboga D, Jin SL,
Conti M, O’Donnell J. Anxiogenic-like behavioral phenotype of mice deficient in
phosphodiesterase 4B (PDE4B). Neuropsychopharmacology. 2008;33(7):1611-23.
18. Richter W, Menniti FS, Zhang HT, Conti M. PDE4 as a target for cognition
enhancement. Expert Opin Ther Targets. 2013;17(9):1011-27.
19. McDonough W, Aragon IV, Rich J, Murphy JM, Abou Saleh L, Boyd A,
Koloteva A, Richter W. PAN-selective inhibition of cAMP-phosphodiesterase 4
(PDE4) induces gastroparesis in mice. FASEB J. 2020;34(9):12533-48.
20. Jin SL, Ding SL, Lin SC. Phosphodiesterase 4 and its inhibitors in inflammatory
diseases. Chang Gung Med J. 2012;35(3):197-210.
21. Abou Saleh L, Boyd A, Aragon IV, Koloteva A, Spadafora D, Mneimneh W,
Barrington RA, Richter W. Ablation of PDE4B protects from Pseudomonas
aeruginosa-induced acute lung injury in mice by ameliorating the cytostorm and
associated hypothermia. FASEB J. 2021;35(9):e21797.
22. McPhee I, Pooley L, Lobban M, Bolger G, Houslay MD. Identification,
characterization and regional distribution in brain of RPDE-6 (RNPDE4A5), a
novel splice variant of the PDE4A cyclic AMP phosphodiesterase family.
Biochem J. 1995;310(Pt 3):965-74.
23. Boyd A, Aragon IV, Rich J, McDonough W, Oditt M, Irelan D, Fiedler E, Abou
Saleh L, Richter W. Assessment of PDE4 inhibitor-induced hypothermia as a
correlate of nausea in mice. Biology (Basel). 2021;10(12):1355.
24. McDonough W, Rich J, Aragon IV, Abou Saleh L, Boyd A, Richter A, Koloteva
A, Richter W. Inhibition of type 4 cAMP-phosphodiesterases (PDE4s) in mice
induces hypothermia via effects on behavioral and central autonomous
thermoregulation. Biochem Pharmacol. 2020;180:114158.
25. Boyd A, Aragon IV, Abou Saleh L, Southers D, Richter W. The cAMPphosphodiesterase 4 (PDE4) controls β-adrenoceptor- and CFTR-dependent
saliva secretion in mice. Biochem J. 2021;478(10):1891-906.

68

26. Aragon IV, Boyd A, Abou Saleh L, Rich J, McDonough W, Koloteva A, Richter
W. Inhibition of cAMP-phosphodiesterase 4 (PDE4) potentiates the anesthetic
effects of Isoflurane in mice. Biochem Pharmacol. 2021:186:114477.
27.

Blanchard E, Zlock L, Lao A, Mika D, Namkung W, Xie M, Scheitrum C,
Gruenert DC, Verkman S, Finkbeiner WE, Conti M, Richter W. Anchored PDE4
regulates chloride conductance in wild-type and ΔF508-CFTR human airway
epithelia. FASEB J. 2014;28(2):791-801.

28. Lambert JA, Raju SV, Tang LP, McNicholas CM, Li Y, Courville CA, Farris RF,
Coricor GE, Smoot LH, Mazur MM, Dransfield MT, Bolger GB, Rowe SM.
Cystic fibrosis transmembrane conductance regulator activation by roflumilast
contributes to therapeutic benefit in chronic bronchitis. Am J Respir Cell Mol
Biol. 2014;50(3):549-58.
29. Houslay MD, Schafer P, Zhang KY. Keynote review: phosphodiesterase-4 as a
therapeutic target. Drug Discov Today. 2005;10(22):1503-19.
30. Baillie GS, Tejeda GS, Kelly MP. Therapeutic targeting of 3',5'-cyclic nucleotide
phosphodiesterases: inhibition and beyond. Nat Rev Drug Discov.
2019;18(10):770-96.
31. Paes D, Schepers M, Rombaut B, van den Hove D, Vanmierlo T, Prickaerts J. The
molecular biology of phosphodiesterase 4 enzymes as pharmacological targets: an
interplay of isoforms, conformational states, and inhibitors. Pharmacol Rev.
2021;73(3):1016-49.
32. Conti M, Beavo J. Biochemistry and physiology of cyclic nucleotide
phosphodiesterases: essential components in cyclic nucleotide signaling. Annu
Rev Biochem. 2007;76:481-511.
33. Omori K, Kotera J. Overview of PDEs and their regulation. Circ Res.
2007;100(3):309-27.
34. Maurice DH, Ke H, Ahmad F, Wang Y, Chung J, Manganiello VC. Advances in
targeting cyclic nucleotide phosphodiesterases. Nat Rev Drug Discov.
2014;13(4):290-314.

69

35. Lugnier C, Meyer A, Talha S, Geny B. Cyclic nucleotide phosphodiesterases:
new targets in the metabolic syndrome? Pharmacol Ther. 2020;208:107475.
36. Blokland A, Schreiber R, Prickaerts J. Improving memory: a role for
phosphodiesterases. Curr Pharm Des. 2006;12(20):2511-23.
37. Blokland A, Menniti FS, Prickaerts J. PDE inhibition and cognition enhancement.
Expert Opin Ther Pat. 2012;22(4):349-54.
38. Li YF, Huang Y, Amsdell SL, Xiao L, O'Donnell JM, Zhang HT. Antidepressantand anxiolytic-like effects of the phosphodiesterase-4 inhibitor rolipram on
behavior depend on cyclic AMP response element binding protein-mediated
neurogenesis in the hippocampus. Neuropsychopharmacology. 2009;34(11):240419.
39. Li H, Zuo J, Tang W. Phosphodiesterase-4 inhibitors for the treatment of
inflammatory diseases. Front Pharmacol. 2018;9:1048.
40. Peng T, Qi B, He J, Ke H, Shi J. Advances in the development of
phosphodiesterase-4 inhibitors. J Med Chem. 2020;63(19):10594-617.
41. Chervinsky P, Meltzer EO, Busse W, Ohta K, Bardin P, Bredenbröker D,
Bateman ED. Roflumilast for asthma: safety findings from a pooled analysis of
ten clinical studies. Pulm Pharmacol Ther. 2015;35 Suppl:S28-34.
42. Cada DJ, Ingram K, Baker DE. Apremilast. Hosp Pharm. 2014;49(8):752-62.
43. Huston E, Lynch MJ, Mohamed A, Collins DM, Hill EV, MacLeod R, Eberhard
K, Baillie GS, Houslay MD. EPAC and PKA allow cAMP dual control over
DNA-PK nuclear translocation. Proc Natl Acad Sci U S A. 2008;105(35):12791-6.
44. Ariga M, Neitzert B, Nakae S, Mottin G, Bertrand C, Pierre-Pruniaux M, Jin SL,
Conti M. Nonredundant function of phosphodiesterases 4D and 4B in neutrophil
recruitment to the site of inflammation. J Immunol. 2004;173(12):7531-8.
45. Hansen RT, Conti M, Zhang HT. Mice deficient in phosphodiesterase-4A display
anxiogenic-like behavior. Psychopharmacology (Berl). 2014;231(15):2941-54.
46. Jin SL, Lan L, Zoudilova M, Conti M. Specific role of phosphodiesterase 4B in
lipopolysaccharide-induced signaling in mouse macrophages. J Immunol.
2005;175(3):1523-31.

70

47. Jin SL, Goya S, Nakae S, Wang D, Bruss M, Hou C, Umetsu D, Conti M.
Phosphodiesterase 4B is essential for T(H)2-cell function and development of
airway hyperresponsiveness in allergic asthma. J Allergy Clin Immunol.
2010;126(6):1252-9.e12.
48. Leroy J, Richter W, Mika D, Castro LRV, Abi-Gerges A, Xie M, Scheitrum C,
Lefebvre F, Schittl J, Mateo P, Westenbroek R, Catterall WA, Charpentier F,
Conti M, Fischmeister R, Vandecastelle G. Phosphodiesterase 4B in the cardiac
L-type Ca2+ channel complex regulates Ca2+current and protects against
ventricular arrhythmias in mice. J Clin Invest. 2011;121(7):2651-61.
49. Li YF, Cheng YF, Huang Y, Conti M, Wilson SP, O’Donnel JM, Zhang HT.
Phosphodiesterase-4D knock-out and RNA interference-mediated knock-down
enhance memory and increase hippocampal neurogenesis via increased cAMP
signaling. J Neurosci. 2011;31(1):172-83.
50. Vagena E, Ryu JK, Baeza-Raja B, Walsh NM, Syme C, Day JP, Houslay MD,
Baillie GS. A high-fat diet promotes depression-like behavior in mice by
suppressing hypothalamic PKA signaling. Transl Psychiatry. 2019;9(1):141.
51. Srivani P, Usharani D, Jemmis ED, Sastry GN. Subtype selectivity in
phosphodiesterase 4 (PDE4): a bottleneck in rational drug design. Curr Pharm
Des. 2008;14(36):3854-72.
52. Bobin P, Belacel-Ouari M, Bedioune I, Zhang L, Leroy J, Leblais V, Fischmeister
R, Vandecasteele G. Cyclic nucleotide phosphodiesterases in heart and vessels: a
therapeutic perspective. Arch Cardiovasc Dis. 2016;109(6-7):431-43.
53. Houslay MD. Underpinning compartmentalised cAMP signalling through targeted
cAMP breakdown. Trends Biochem Sci. 2010;35(2):91-100.
54. Azam MA, Tripuraneni NS. Selective phosphodiesterase 4B inhibitors: a review.
Sci Pharm. 2014;82(3):453-81.
55. Xu Y, Zhang HT, O'Donnell JM. Phosphodiesterases in the central nervous
system: implications in mood and cognitive disorders. Handb Exp Pharmacol.
2011;(204):447-85.

71

56. Reneerkens OA, Rutten K, Steinbusch HW, Blokland A, Prickaerts J. Selective
phosphodiesterase inhibitors: a promising target for cognition enhancement.
Psychopharmacology (Berl). 2009;202(1-3):419-43.
57. Kleppisch T. Phosphodiesterases in the central nervous system. Handb Exp
Pharmacol. 2009;(191):71-92.
58. Tibbo AJ, Baillie GS. Phosphodiesterase 4B: master regulator of brain signaling.
Cells. 2020;9(5):1254.
59. Navari RM. Managing nausea and vomiting in patients with cancer: what works.
Oncology (Williston Park). 2018;32(3):121-5, 131, 136.
60. Horn CC. Why is the neurobiology of nausea and vomiting so important?
Appetite. 2008;50(2-3):430-4.
61. Horn CC, Kimball BA, Wang H, Kaus J, Dienel S, Nagy A, Gathright GR, Yates
BJ, Andrews PLR. Why can’t rodents vomit? A comparative behavioral,
anatomical, and physiological study. PloS One. 2013;8(4):e60537.
62. Horn CC. Measuring the nausea-to-emesis continuum in non-human animals:
refocusing on gastrointestinal vagal signaling. Exp Brain Res. 2014;232(8):247181.
63. Stern RM, Koch KL, Andrews PLR. Nausea: mechanisms and management. New
York, NY: Oxford University Press; 2011.
64. Rudd JA, Nalivaiko E, Matsuki N, Wan C, Andrews PL. The involvement of
TRPV1 in emesis and anti-emesis. Temperature (Austin). 2015;2(2):258-76.
65. Nalivaiko E, Rudd JA, So RH. Motion sickness, nausea and thermoregulation: the
"toxic" hypothesis. Temperature (Austin). 2014;1(3):164-71.
66. Ngampramuan S, Cerri M, Del Vecchio F, Corrigan J, Kamphee A, Dragic AS,
Rudd, JA, Romanovsky AA, Nalivaiko E. Thermoregulatory correlates of nausea
in rats and musk shrews. Oncotarget. 2014;5(6):1565-75.
67. Cheshire WP, Jr. Thermoregulatory disorders and illness related to heat and cold
stress. Auton Neurosci. 2016;196:91-104.
68. Nalivaiko E. Thermoregulation and nausea. Handb Clin Neurol. 2018;156:445-56.

72

69. Guimaraes DD, Andrews PL, Rudd JA, Braga VA, Nalivaiko E. Ondansetron and
promethazine have differential effects on hypothermic responses to lithium
chloride administration and to provocative motion in rats. Temperature (Austin).
2015;2(4):543-53.
70. Kandasamy SB. Effect of ondansetron and ICS 205-930 on radiation-induced
hypothermia in rats. Radiat Res. 1997;147(6):741-6.
71. Nobel G, Eiken O, Tribukait A, Kölegård R, Mekjavic IB. Motion sickness
increases the risk of accidental hypothermia. Eur J Appl Physiol. 2006;98(1):4855.
72. Mekjavic IB, Tipton MJ, Gennser M, Eiken O. Motion sickness potentiates core
cooling during immersion in humans. J Physiol. 2001;535(Pt 2):619-23.
73. Robichaud A, Stamatiou PB, Jin SL, Lachance N, MacDonald D, Laliberté F, Liu
S, Huang Z, Conti M, Chan CC. Deletion of phosphodiesterase 4D in mice
shortens α2-adrenoceptor-mediated anesthesia, a behavioral correlate of emesis. J
Clin Invest. 2002;110(7):1045-52.
74. Saldou N, Obernolte R, Huber A, Baecker PA, Wilhelm R, Alvarez R, Li B, Xia
L, Callan O, Su C, Jarnagin K, Shleton ER. Comparison of recombinant human
PDE4 isoforms: interaction with substrate and inhibitors. Cell Signal.
1998;10(6):427-40.
75. Aoki M, Fukunaga M, Sugimoto T, Hirano Y, Kobayashi M, Honda K, Yamada T.
Studies on mechanisms of low emetogenicity of YM976, a novel
phosphodiesterase type 4 inhibitor. J Pharmacol Exp Ther. 2001;298(3):1142-9.
76. Thompson WJ. Cyclic nucleotide phosphodiesterases: pharmacology,
biochemistry and function. Pharmacol Ther. 1991;51(1):13-33.
77. Raeburn D, Underwood SL, Lewis SA, Woodman VR, Battram CH, Tomkinson
A, Sharma S, Jordan R, Souness JE, Webber SE, Karlsson JA. Anti-inflammatory
and bronchodilator properties of RP 73401, a novel and selective
phosphodiesterase type IV inhibitor. Br J Pharmacol. 1994;113(4):1423-31.
78. Souness JE, Maslen C, Webber S, Foster M, Raeburn D, Palfreyman MN, Ashton
MJ, Karlsson JA. Suppression of eosinophil function by RP 73401, a potent and

73

selective inhibitor of cyclic AMP-specific phosphodiesterase: comparison with
rolipram. Br J Pharmacol. 1995;115(1):39-46.
79. Giembycz MA, Field SK. Roflumilast: first phosphodiesterase 4 inhibitor
approved for treatment of COPD. Drug Des Devel Ther. 2010;4:147-58.
80. Hatzelmann A, Morcillo EJ, Lungarella G, Adnot S, Sanjar S, Beume R, Schudt C,
Tenor H. The preclinical pharmacology of roflumilast--a selective, oral
phosphodiesterase 4 inhibitor in development for chronic obstructive pulmonary
disease. Pulm Pharmacol Ther. 2010;23(4):235-56.
81. Bodkhe S, Nikam M, Sherje AP, Khan T, Suvarna V, Patel K. Current insights on
clinical efficacy of roflumilast for treatment of COPD, asthma and ACOS. Int
Immunopharmacol. 2020;88:106906.
82. Robichaud A, Savoie C, Stamatiou PB, Lachance N, Jolicoeur P, Rasori R, Chan
CC. Assessing the emetic potential of PDE4 inhibitors in rats. Br J Pharmacol.
2002;135(1):113-8.
83. Robichaud A, Tattersall FD, Choudhury I, Rodger IW. Emesis induced by
inhibitors of type IV cyclic nucleotide phosphodiesterase (PDE IV) in the ferret.
Neuropharmacology. 1999;38(2):289-97.
84. Robichaud A, Savoie C, Stamatiou PB, Tattersall FD, Chan CC. PDE4 inhibitors
induce emesis in ferrets via a noradrenergic pathway. Neuropharmacology.
2001;40(2):262-9.
85. Nelissen E, van Goethem NP, Bonassoli VT, Heckman PRA, van Hagen BTJ,
Suay D, Wouters C, Prickaerts J. Validation of the xylazine/ketamine anesthesia
test as a predictor of the emetic potential of pharmacological compounds in rats.
Neurosci Lett. 2019;699:41-6.
86. Giembycz MA. 4D or not 4D - the emetogenic basis of PDE4 inhibitors
uncovered? Trends Pharmacol Sci. 2002;23(12):548.
87. Hagen TJ, Mo X, Burgin AB, Fox D, Zhang Z, Gurney ME. Discovery of
triazines as selective PDE4B versus PDE4D inhibitors. Bioorg Med Chem Lett.
2014;24(16):4031-4.

74

88.

Kranz M, Wall M, Evans B, Miah A, Ballantane S, Delves C, Dombroski B,
Gross J, Schneck J, Villa JP, Neu M, Somers DO. Identification of PDE4B over
4D subtype-selective inhibitors revealing an unprecedented binding mode. Bioorg
Med Chem. 2009;17(14):5336-41.

89.

Naganuma K, Omura A, Maekawara N, Saitoh M, Ohkawa N, Kubota T, Nagumo
H, Kodama T, Takemura M, Ohtsuka Y, Nakamura J, Tsujita R, Kawasaki K,
Yokoi H, Kawanishi M. Discovery of selective PDE4B inhibitors. Bioorg Med
Chem Lett. 2009;19(12):3174-6.

90.

S Suzuki O, Mizukami K, Etori M, Sogawa Y, Takagi N, Tsuchida H, Morimoto
K, Goto T, Yoshino T, Mikkaichi T, Hirahara K, Nakamura S, Maeda H.
Evaluation of the therapeutic index of a novel phosphodiesterase 4B-selective
inhibitor over phosphodiesterase 4D in mice. J Pharmacol Sci. 2013;123(3):21926.

91.

Contreras S, Milara J, Morcillo E, Cortijo J. Selective inhibition of
phosphodiesterases 4A, B, C and D isoforms in chronic respiratory diseases:
current and future evidences. Curr Pharm Des. 2017;23(14):2073-83.

92.

Clapcote SJ. Phosphodiesterase-4B as a therapeutic target for cognitive
impairment and obesity-related metabolic diseases. Adv Neurobiol. 2017;17:10331.

93.

Przegalínski E, Bigajska K, Lewandowska A. The influence of rolipram on the
central serotoninergic system. Pharmacopsychiatria. 1981;14(5):162-6.

94.

Wachtel H. Species differences in behavioural effects of rolipram and other
adenosine cyclic 3H, 5H-monophosphate phosphodiesterase inhibitors. J Neural
Transm. 1983;56(2-3):139-52.

95.

Souness JE, Rao S. Proposal for pharmacologically distinct conformers of PDE4
cyclic AMP phosphodiesterases. Cell Signal. 1997;9(3-4):227-36.

96.

Sette C, Conti M. Phosphorylation and activation of a cAMP-specific
phosphodiesterase by the cAMP-dependent protein kinase. Involvement of serine
54 in the enzyme activation. J Biol Chem. 1996;271(28):16526-34.

75

97.

Richter W, Conti M. The oligomerization state determines regulatory properties
and inhibitor sensitivity of type 4 cAMP-specific phosphodiesterases. J Biol
Chem. 2004;279(29):30338-48.

98.

Duplantier AJ, Biggers MS, Chambers RJ, Cheng JB, Cooper K, Damon DB,
Eggler JF, Kraus KG, Marfat A, Masamune H, Pillar JS, Shirley JT, Umland JP,
Watson JW. Biarylcarboxylic acids and -amides: inhibition of phosphodiesterase
type IV versus [3H]rolipram binding activity and their relationship to emetic
behavior in the ferret. J Med Chem. 1996;39(1):120-5.

99.

Huang Z, Dias R, Jones T, Liu S, Styhler A, Claveau D, Otu F, Ng K, Laliberte F,
Zhang L, Goetghebeur P, Abraham WM, MacDonald D, Dubé D, Gallant M,
Lacombe P, Girard Y, Young RN, Turner MJ, Nicholson DW, Mancini JA. L454,560, a potent and selective PDE4 inhibitor with in vivo efficacy in animal
models of asthma and cognition. Biochem Pharmacol. 2007;73(12):1971-81.

100. Boomkamp SD, McGrath MA, Houslay MD, Barnett SC. Epac and the high
affinity rolipram binding conformer of PDE4 modulate neurite outgrowth and
myelination using an in vitro spinal cord injury model. Br J Pharmacol.
2014;171(9):2385-98.
101. Zhang HT, Zhao Y, Huang Y, Deng C, Hopper AT, De Vivo M, Rose GM,
O’Donnell JM. Antidepressant-like effects of PDE4 inhibitors mediated by the
high-affinity rolipram binding state (HARBS) of the phosphodiesterase-4 enzyme
(PDE4) in rats. Psychopharmacology (Berl). 2006;186(2):209-17.
102. Zhao Y, Zhang HT, O'Donnell JM. Antidepressant-induced increase in highaffinity rolipram binding sites in rat brain: dependence on noradrenergic and
serotonergic function. J Pharmacol Exp Ther. 2003;307(1):246-53.
103. Zhao Y, Zhang HT, O'Donnell JM. Inhibitor binding to type 4 phosphodiesterase
(PDE4) assessed using [3H]piclamilast and [3H]rolipram. J Pharmacol Exp Ther.
2003;305(2):565-72.
104. Navari RM, Qin R, Qin R, Ruddy KJ, Liu H, Powell SF, Bajaj M, Dietrich L,
Biggs D, Lafky JM, Loprinzi CL. Olanzapine for the prevention of
chemotherapy-induced nausea and vomiting. N Engl J Med. 2016;375(2):134-42.

76

105. Francis SH, Houslay MD, Conti M. Phosphodiesterase inhibitors: factors that
influence potency, selectivity, and action. Handb Exp Pharmacol. 2011;(204):4784.
106. Houslay MD, Baillie GS, Maurice DH. cAMP-Specific phosphodiesterase-4
enzymes in the cardiovascular system: a molecular toolbox for generating
compartmentalized cAMP signaling. Circ Res. 2007;100(7):950-66.
107. Bruss MD, Richter W, Horner K, Jin SL, Conti M. Critical role of PDE4D in β2adrenoceptor-dependent cAMP signaling in mouse embryonic fibroblasts. J Biol
Chem. 2008;283(33):22430-42.
108. Peter D, Jin SL, Conti M, Hatzelmann A, Zitt C. Differential expression and
function of phosphodiesterase 4 (PDE4) subtypes in human primary CD4+ T cells:
predominant role of PDE4D. J Immunol. 2007;178(8):4820-31.
109. Surawski RJ, Quinn DK. Metoclopramide and homicidal ideation: a case report
and literature review. Psychosomatics. 2011;52(5):403-9.
110. Matsui A, Matsuo H, Takanaga H, Sasaki S, Maeda M, Sawada Y. Prediction of
catalepsies induced by amiodarone, aprindine and procaine: similarity in
conformation of diethylaminoethyl side chain. J Pharmacol Exp Ther.
1998;287(2):725-32.
111. Tonini M, Candura SM, Messori E, Rizzi CA. Therapeutic potential of drugs with
mixed 5-HT4 agonist/5-HT3 antagonist action in the control of emesis. Pharmacol
Res. 1995;31(5):257-60.
112. Burgin AB, Magnusson OT, Singh J, Witte P, Staker BL, Bjornsson JM,
Thorsteinsdottir M, Hrafnsdottir S, Hagen T, Kiselyov AS, Stewart LJ, Gurney M.
Design of phosphodiesterase 4D (PDE4D) allosteric modulators for enhancing
cognition with improved safety. Nat Biotechnol. 2010;28(1):63-70.
113. Zhang C, Xu Y, Chowdhary A, Fox D, Gurney ME, Zhang HT, Auerbach BD,
Salvi RJ, Yang M, Li G, O’Donnell JM. Memory enhancing effects of
BPN14770, an allosteric inhibitor of phosphodiesterase-4D, in wild-type and
humanized mice. Neuropsychopharmacology. 2018;43(11):2299-309.

77

114. Roblegg E, Coughran A, Sirjani D. Saliva: an all-rounder of our body. Eur J
Pharm Biopharm. 2019;142:133-41.
115. Amerongen AV, Veerman EC. Saliva--the defender of the oral cavity. Oral Dis.
2002;8(1):12-22.
116. Pedersen AML, Sørensen CE, Proctor GB, Carpenter GH, Ekström J. Salivary
secretion in health and disease. J Oral Rehabil. 2018;45(9):730-46.
117. Lee DU, Shin DM, Hong JH. The regulatory role of rolipram on inflammatory
mediators and cholinergic/adrenergic stimulation-induced signals in isolated
primary mouse submandibular gland cells. Mediators Inflamm.
2016;2016:3745961.
118. Bhattarai KR, Junjappa R, Handigund M, Kim HR, Chae HJ. The imprint of
salivary secretion in autoimmune disorders and related pathological conditions.
Autoimmun Rev. 2018;17(4):376-90.
119. Kondo Y, Melvin JE, Catalan MA. Physiological cAMP-elevating secretagogues
differentially regulate fluid and protein secretions in mouse submandibular and
sublingual glands. Am J Physiol Cell Physiol. 2019;316(5):C690-7.
120. Best JA, Quinton PM. Salivary secretion assay for drug efficacy for cystic fibrosis
in mice. Exp Physiol. 2005;90(2):189-93.
121. Xie M, Blackman B, Scheitrum C, Mika D, Blanchard E, Lei T, Conti M, Richter
W. The upstream conserved regions (UCRs) mediate homo- and heterooligomerization of type 4 cyclic nucleotide phosphodiesterases (PDE4s). Biochem
J. 2014;459(3):539-50.
122. Droebner K, Sandner P. Modification of the salivary secretion assay in F508del
mice--the murine equivalent of the human sweat test. J Cyst Fibros.
2013;12(6):630-7.
123. Larson JL, Pino MV, Geiger LE, Simeone CR. The toxicity of repeated exposures
to rolipram, a type IV phosphodiesterase inhibitor, in rats. Pharmacol Toxicol.
1996;78(1):44-9.

78

124. Han J, Shin HC, Kim JC, Kim B. Subacute toxicity and toxicokinetics of CJ10882, a type IV phosphodiesterase inhibitor, after 4-week repeated oral
administration in dogs. Food Chem Toxicol. 2004;42(3):373-80.
125. Genain CP, Roberts T, Davis RL, Nguyen MH, Uccelli A, Faulds D, Li Y,
Hedgpeth J, Hauser SL. Prevention of autoimmune demyelination in non-human
primates by a cAMP-specific phosphodiesterase inhibitor. Proc Natl Acad Sci
USA. 1995;92(8):3601-05.
126. Sutcliffe JS, Beaumont V, Watson JM, Chew CS, Beconi M, Hutcheson DM,
Dominguez C, Munoz-Sanjuan I. Efficacy of selective PDE4D negative
allosteric modulators in the object retrieval task in female cynomolgus monkeys
(Macaca fascicularis). PloS One. 2014;9(7):e102449.
127. Vicini E, Conti M. Characterization of an intronic promoter of a cyclic adenosine
3',5'-monophosphate (cAMP)-specific phosphodiesterase gene that confers
hormone and cAMP inducibility. Mol Endocrinol. 1997;11(7):839-50.
128. Le Jeune IR, Shepherd M, Van Heeke G, Houslay MD, Hall IP. Cyclic AMPdependent transcriptional up-regulation of phosphodiesterase 4D5 in human
airway smooth muscle cells. Identification and characterization of a novel
PDE4D5 promoter. J Biol Chem. 2002;277(39):35980-9.
129. Susuki-Miyata S, Miyata M, Lee BC, Xu H, Kai H, Yan C, Li J. Cross-talk
between PKA-Cβ and p65 mediates synergistic induction of PDE4B by
roflumilast and NTHi. Proc Natl Acad Sci U S A. 2015;112(14):E1800-9.
130. Satoh K, Guo MY, Sairenji N. Involvement of phosphodiesterase 4 in βadrenoceptor agonist-induced amylase release in parotid acinar cells. J Oral Sci.
2009;51(2):173-9.
131. Cecanho R, Anaya M, Renzi A, Menani JV, De Luca LA. Sympathetic mediation
of salivation induced by intracerebroventricular pilocarpine in rats. J Auton Nerv
Syst. 1999;76(1):9-14.
132. Renzi A, Colombari E, Mattos Filho TR, Silveira JE, Saad WA, Camargo LA, De
Luca LA, Deróbio JG, Menani JV. Involvement of the central nervous system in

79

the salivary secretion induced by pilocarpine in rats. J Dent Res.
1993;72(11):1481-4.
133. Renzi A, De Luca LA, Menani JV. Lesions of the lateral hypothalamus impair
pilocarpine-induced salivation in rats. Brain Res Bull. 2002;58(5):455-9.
134. Lopes de Almeida R, De Luca LA, de Almeida Colombari DS, Menani JV, Renzi
A. Damage of the medial preoptic area impairs peripheral pilocarpine-induced
salivary secretion. Brain Res. 2006;1085(1):144-8.
135. Takakura AC, Moreira TS, Laitano SC, De Luca JLA, Renzi A, Menani JV.
Central muscarinic receptors signal pilocarpine-induced salivation. J Dent Res.
2003;82(12):993-7.
136. Moreira TS, Takakura AC, Menani JV, Colombari E. Activation of central α2adrenoceptors mediates salivary gland vasoconstriction. Arch Oral Biol.
2013;58(2):167-73.
137. Takakura AC, Moreira TS, Colombari DS, De Luca LA, Menani JV. Activation
of α2-adrenoceptors in the lateral hypothalamus reduces pilocarpine-induced
salivation in rats. Neurosci Lett. 2009;450(3):225-8.
138. Takakura AC, dos Santos MT, De Luca LA, Renzi A, Menani JV. Central α2adrenergic receptors and cholinergic-induced salivation in rats. Brain Res Bull.
2003;59(5):383-6.
139. Sairenji N, Satoh K, Sugiya H. Ca2+/calmodulin-dependent cyclic nucleotide
phosphodiesterase in cGMP metabolism in rabbit parotid acinar cells. Biomed
Res. 2006;27(1):37-44.
140. Lee JH, Richter W, Namkung W, Kim KH, Kim E, Conti M, Lee MG. Dynamic
regulation of cystic fibrosis transmembrane conductance regulator by competitive
interactions of molecular adaptors. J Biol Chem. 2007;282(14):10414-22.
141. Liu S, Veilleux A, Zhang L, Young A, Kwok E, Laliberte F, Chung C, Tota MR,
Dube D, Friesen RW, Huang Z. Dynamic activation of cystic fibrosis
transmembrane conductance regulator by type 3 and type 4D phosphodiesterase
inhibitors. J Pharmacol Exp Ther. 2005;314(2):846-54.

80

142. Omar F, Findlay JE, Carfray G, Allock RW, Jian Z, Moore C, Muir AL, Lannoy
M, Fertig BA, Mai D, Day JP, Bolger G, Baillie GS, Schwiebert E, Klussman E,
Pyne NJ, Ong ACM, Bowers K, Adam JA, Adams DR, Houslay D, Henderson
DJP. Small-molecule allosteric activators of PDE4 long form cyclic AMP
phosphodiesterases. Proc Natl Acad Sci U S A. 2019;116(27):13320-9.
143. Yougbare I, Morin C, Senouvo FY, Sirois C, Albadine R, Lugnier C, Rousseau E.
NCS 613, a potent and specific PDE4 inhibitor, displays anti-inflammatory effects
on human lung tissues. Am J Physiol Lung Cell Mol Physiol. 2011;301(4):L44150.
144. Barnes AP, Livera G, Huang P, Sun C, O’Neal WK, Conti M, Stutts J, Milgram
SL. Phosphodiesterase 4D forms a cAMP diffusion barrier at the apical membrane
of the airway epithelium. J Biol Chem. 2005;280(9):7997-8003.
145. Catalán MA, Scott-Anne K, Klein MI, Koo H, Bowen WH, Melvin JE. Elevated
incidence of dental caries in a mouse model of cystic fibrosis. PloS One.
2011;6(1):e16549.
146. Catalán MA, Kondo Y, Peña-Munzenmayer G, Jaramillo A, Liu F, Choi S,
Crandall E, Borok Z, Flodby P, Shull GE, Melvin JE. A fluid secretion pathway
unmasked by acinar-specific Tmem16A gene ablation in the adult mouse salivary
gland. Proc Natl Acad Sci USA. 2015;112(7):2263-8.
147. Romanenko VG, Catalán MA, Brown DA, Putzier I, Hartzell HC, Marmorstein
AD, Gonzales-Begne M, Rock JR, Harfe D, Melvin JE. Tmem16A encodes the
Ca2+-activated Cl- channel in mouse submandibular salivary gland acinar cells. J
Biol Chem. 2010;285(17):12990-3001.

81

BIOGRAPHICAL SKETCH

Name of Author:

Abigail Grace Boyd

Graduate and Undergraduate Schools Attended:
Furman University, Greenville, South Carolina
University of South Alabama, Mobile, Alabama
Degrees Awarded:
Doctor of Philosophy in Basic Medical Sciences, 2022, Mobile, Alabama
Master of Science in Environmental Toxicology, 2017, Mobile, Alabama
Bachelor of Science in Chemistry, 2015, Furman University
Awards and Honors:
Experimental Biology 2022 ASPET Program Committee Blue Ribbon Poster Pick, 2022
University of South Alabama College of Medicine Research Forum 2nd Place Graduate
Student Presentation, 2020
University of South Alabama Environmental Toxicology Travel Scholarship, 2017
Three-Minute Thesis Competition Winner (Master’s Level), 2017
American Society for Pharmacology and Experimental Therapeutics Graduate Student
Travel Award, 2017

82

